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ABSTRACT 
Nuclei with many constituents and surrounded by many electrons 
interact in complicated ways with each other. Thus the many particle 
aspect of heavy ion research must be taken into account. If the 
heavy ion impinges on a thin foil it may cause destruction in the 
target's atomic array, causing defects by ionizing the target atoms, 
removing them from their normal position and so on. In insulators 
these defects do not anneal quickly and thus the local disorder can 
be made visible and can be used in many applications. During the 
last two decades the Solid State Nuclear Track Detectors (SSNTDs) 
have found applications ^fff^i^most^^S^fj^ff^anches of science and 
technology. 
Generally a detector system will record signals which depend on 
particle properties such as the energy E, velocity v (or fl = v/c), 
rate of energy loss dE/dX in the medium or some combination of these 
properties. A successful experiment must give a sufficient subset of 
these parameters to allow the charge, z and mass, m to be 
determined. The track formation in SSNTDs is related to the ions 
which produce damage in a solid, exceeding certain threshold unit 
so that damage concerned is permanent along the trail of the ion. 
This property of track etch detectors can be used in particle 
identification. The threshold for the detection of a particle is 
quite favourable property when one has to detect a heavy particle 
and avoid an intense back ground of ionizing radiations. 
In the present study various aspects related to track etch 
parameters of heavy ions in different type of plastic track 
detectors and their applications in the study of fission and 
micromapping of uranium have been investigated. These plastic 
detectors have outstanding properties to be used in particle 
identification in cosmic rays, nuclear reactions and trace analysis 
of fissionable elements. The study includes the measurement of 
various track etch parameters of Ar, Xe and Au ions 
(obtained from GSI, Darmstadt, W. Germany) in CR-39 and CR-39 (DOP) 
and different types of Makrofol-polycarbonate viz. Makrofol-KG; KL; 
and N detector. The study also includes the, applications of track 
registration technique in the measurements of cross-section for 
fission induced by oi-particles from Variable Energy Cyclotron, 
Calcutta, India and micromapping of trace uranium. The thesis has 
been ramified into five chapters and has contents briefly outlined 
« 
below. 
Chapter I of the thesis is a general introduction to heavy 
ions, their production, heavy ion accelerators including UNILAC, GSI 
Darmstad, interaction of charged particles with matter, nuclear 
fission, occurrence of uranium and radiological implications of 
uranium. The development of the techniques for accelerating 
particles led to the construction of new accelerators and 
modifications in the existing linear accelerators, cyclotrons, 
phasotrons and synchro-phasotrons with a view to accelerate ions of 
heavy atoms to energies ranging from a few MeV's to several GeV's 
per nucleon. UNILAC (GSI, Darmastadt, W. Germany) is a high 
frequency linear accelerator with ion energy going upto 20 MeV/n. 
Nuclear fission which involves massive motion and subsequent 
division of a heavy nucleus into two nuclei with varying mass 
distribution, is a complex nuclear reaction. The only naturally 
occurring nucleus that can be fissioned with thermal neutrons is 
235 
U which constitutes ~ 0.71% of naturally occurring uranium. With 
the availability of energetic charged particles. it has become 
possible to produce other fission nuclei with high fissibility 
and/or spin and to study their fission properties including the 
fission cross-section. The fission probability is related to the 
height of the potential barrier which controls the fission process. 
a-induced fission cross-sections have importance not only in the 
study of fission probability but also a considerable interest in 
understanding the fission mechanism. 
Uranium is a naturally occurring heaviest radiotoxic trace 
element found in dispersed state in crustal materials throughout the 
earth. Its concentration varies significantly from place to place. 
Ground water is the main agent for the migration and redistribution 
of the uranium in earth's crust. The concentration of uranium in 
ground water is important due to its chemical and raaiotoxicity as 
water is an essential and regular material of consumption, ihe high 
toxicity as well as the effect of radialion (mainly alpha particles; 
make uranium an element that poses a serious hazard to health by 
accumulation in various parts of the body. In take of uranium and 
its decay products may be quite harmful either inside or outside the 
body. When inside, the emitted radioactive rays continuously 
irradiate internal tissues till the radioisotopes are eliminated 
through urine or faeces or else lose radioactivity by natural decay. 
Evaluation of occurrence and distribution of this environmentally 
important trace element can be useful in assessing the mobilization 
of the trace element to ecosystem. 
Solid State Nuclear Track Detectors (SSNTDs) are the most 
widely used detectors for low as well as high energy ionography. The 
second chapter of the thesis gives a general idea about different 
types of etched track detectors and importance of SSNTDs in particle 
detection. Applications of SSNTDs in nuclear physics, heavy ion 
research and related studies, radiation dosimetry, geochronology, 
archaeology and biology etc. are briefly discussed. It also depicts 
various track formation mechanism models, criteria for track 
registration and methodology of track revelation, visualization and 
their evaluation. 
Out of the SSNTDs the plastics in general are the most 
sensitive class of materials and are being used with great success. 
Different types of plastic detectors are available and each of them 
has unique characteristics for specific applications. CR-39 has 
similarities with glass in its optical properties and has been 
successfully applied to record nuclear charged particles of z/[l 
value from 6 to 100. It is remarkably sensitive to charged particles 
even at relativistic velocities, heavy ions with z as low as 18(Ar) 
and upto ~ 60 MeV in the case of a-particles. Makrofol polycarbonate 
plastic detectors are much useful as heavy ion as well as fission 
track detectors with very high etching efficiency. These are not 
sensitive to a-particles and other lighter charged particles and 
neutrons and are also free from any handling problems. Therefore, 
they offer a very convenient way of detecting heavy ions in the 
study of composition of cosmic rays, heavy ion nuclear reactions and 
exploration of super heavy elements etc. 
The third chapter of the thesis discusses basics of etched 
track parameters and methodology for their measurements. There is a 
permanent need of producing track recording detectors of well 
defined behaviour from CR-39 monomer. Therefore, more studies on the 
role of production parameters determining the stability of main 
etching characteristics (V , V and V /V etc.) are highly required. 
G 1 1 Ci 
All methods used for identification of particles using SSNTDs are 
based upon the acquisition of data on the various etched track 
geometrical parameters. In this chapter the geometry of heavy ion 
tracks in the isotropic solids, bulk etch rate V , track etch rate 
G 
V along the trajectory and some specific terms like etch induction 
time, complete etching time, maximum etchable range, critical angle, 
etching efficiency, activation energy and sensitivity are discussed. 
As the shape and size of heavy ion tracks in etched track 
detectors are dependent on mass, charge and energy of the track 
forming ions as well as on the stopping power of the media, the 
valuable information regarding the distribution of radiation damage 
and its dependence on the effective charges of the incoming ions is 
expected to be obtained. For qualitative work, it is usually 
supposed that the response of SSNTDs to particles of charge z and 
relative velocity [3 (=v/c) depends only on these two parameters, as 
the prompt excitation and ionization energy distribution around the 
track of a slowing particle is solely a function of z and fl for a 
given medium. The fourth chapter of the thesis depicts the results 
of the study of various characteristics of heavy ions in plastic 
detectors. The irradiations were done with the well collimated and 
an isotopically pure beam at nuclear track irradiation facility of 
UNILAC (Heavy ion accelerator) at GSI, Darmstadt, West Germany. 
Track parameters viz. bulk etch rate, track etch rate,sensitivity in 
terms of etch rate ratio , etching efficiency, cone angle and 
complete etching time for Ar (14.9 MeV/n), Xe (11.56 MeV/n) and 
197 
Au (13.92 MeV/n) ions have been obtained in Makrofol (KG, KL and 
N), CR-39 and CR-39 (DOP). The variations of bulk etch rate and 
track etch rate with etching temperature were found to be 
exponential and followed the Arrhenius equation. Activation energies 
for bulk and track etching have also been obtained. The maximum 
etchable track lengths for these ions in different detectors were 
obtained. These values are compared with the theoretical values of 
maximum etchable track length and range obtained from the computer 
programme 'RANGE'. It can be observed from the results that our 
experimental values show good agreement with the theoretical ones. 
The last chapter of the thesis presents the results through the 
applications of track registration technique using plastic track 
detectors and has been divided into two sections. First section 
depicts the measurements of nuclear fission cross section induced by 
oi-particles through track registration technique. This part of the 
experiment has been carried out at Variable Energy Cyclotron Centre 
(VECC), Calcutta, India. The fission cross-sections have been 
197 209 
measured for Au (a.f) and Bi (oi,f) reactions at alpha energy 
of 57 MeV. As track length of fission fragments in Lexan detector is 
more than 10 pm, these tracks are easily distinguishable from other 
background tracks. Lexan detector was found to be more sensitive and 
thus convenient for the observation of fission fragment tracks. 
Second part of the last chapter has been devoted to the trace 
analysis of uranium. Application of fission track registration 
technique for micromapping of uranium has been undertaken. 'Dry' 
external detector method was employed for microanalysis of uranium 
in water samples while 'Wet' internal detector technique has been 
developed for the analysis of uranium in tubers used as vegetables. 
Water samples collected from various sources in the states of 
Kerala and Karnataka along the south-west coast of India and also 
from Aligarh (U.P.) have been analysed for trace uranium. The 
results may provide a base line data for the assessment of possible 
technological enhancement of uranium levels due to the existing and 
proposed industrial endeavours in the region. Among the water 
samples, source wise uranium was found to have higher level in sea 
water followed by well, river and tap water samples. No noticeable 
pattern in area wise distribution of uranium concentration in sea 
water has been observed. 
The trace uranium concentrations in tubers grown in our region 
have been obtained. The reliability and accuracy of the method is 
demonstrated using a large number of standard samples containing 
uranyl nitrate solutions of different known uranium concentrations. 
The determination by duplicate detection using Lexan and Makrofoi-KG 
for identical samples is undertaken for judging the reliability and 
sensitivity of the detectors. Homogeneous track distribution is 
found in Wet fission track registration technique which makes the 
counting of the tracks easy as there is no necessity of counting the 
whole area as required in dry fission track registration technique. 
Samples of tubers (used as vegetables) investigated were 
collected from local markets except tapeoca from Kerala. As tubers 
absorb uranium from the soil and water throughout their full growth 
by their root system, trace uranium concentration in them depends on 
the uranium content in the soil and water where the root vegetables 
are grown and also on the amount of fertilzers used there. 
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CHAPTER - I 
INTRODUCTION 
1 
1.1 HEAVY IONS 
Atoms consist of nuclei and electrons. If some of the 
negatively charged electrons orbiting the tiny positively charged 
nucleus are removed from the atom, an ion is left. If heavy atoms 
undergo this process, they are called heavy ions. In the last two 
decades heavy ions have emerged as a major tool in atomic and 
nuclear physics. Light and heavy atoms ionised to a high degree 
resemble those found in hot stars. Hence, the actual situation in 
stars could be simulated and clarified through laboratory 
experiments on earth. The information about the nuclear structure 
can be obtained by the production of deformed heavy system by ions 
of different energies. Various areas of research in nuclear physics 
are fusion reactions, high spin states, dissipative collisions, 
deep inelastic collisions and exotic nuclei etc. In addition the 
relativistic heavy ion collisions provide the challenging and wide 
open frontier of modern nuclear science. 
The discovery of new elements and the search for superheavy 
elements is another field where heavy ion research is aimed at. The 
development of the techniques for accelerating particles led to the 
construction of new accelerators and modification in the existing 
linear accelerators, cyclotrons, phasotrons and synchrophasotrons 
with a view to accelerate ions of heavy atoms to energies ranging 
from a few MeV's to several GeV's per nucleon. 
1.2 HEAVY ION ACCELERATORS 
1.2.1 Characteristics 
The kinetic energy E of the projectile is given as the product 
of number n of electronic charge and the accelerating potential V . 
Energy per nucleon 
E n e V 
A A 
V normally taken in mega volts. The main questions encountered in a 
heavy ion accelerator are 
i) How large one can make n/A ? 
ii) How much accelerating voltage can be obtained ? 
As one can not liberate more electrons from the atom than its atomic 
number Z, hence 
n Z 
< 
A A 
Z/A varies from hydrogen to uranium from 1 to 0.386. But, how close 
can one reach in practice with n/A to the ideal figure Z/A ?. The 
picture is satisfactory for light ions but increasingly discouraging 
for very heavy ions. 
1.2.2 Ion sources 
For gaseous elements it is easy to remove one or few electrons 
from the outer shell of the atom by electron bombardement. These 
electrons are obtained through thermionic emission and accelerated 
to few tens or hundred electron volts. The ions are extracted from 
the discharge chamber by an extraction voltage of few tens of 
kilovolts. A confined ion beam with adequate optical properties of 
having intensities ranging from microampers to tens of milliampers 
can be formed by properly shaping the extractor electrodes. 
The heavy elements exist only in the metallic state at room 
temperature and the process becomes more difficult. The material 
must either be evaporated in an oven and then drifted into the 
discharge chamber or ions formed in an auxiliary gas discharge 
bombard the metal releasing the metal atoms for the surface which 
becomes equally ionised. As mentioned one or a few outer electrons 
can be removed. Thus for light elements n becomes equal to Z, but 
for increasing heavy elements, the number of removable electrons n 
becomes quite less than the existing number Z of orbiting electrons. 
Also n is related to beam current obtained. The higher the charge 
state, the lower is the obtainable ion current. 
Realising the enormous amount of voltage needed to accelerate 
the heavy ions to useful energies, the importance of ion source 
development can be judged. There have been some developments of 
obtaining fully ionised particles upto Argon but these devices are 
poorly reproducible so far when used in the real operating situation 
of a heavy ion machine. 
1.2.3 Stripping 
If the accelerated beam, having attained a fraction of the 
desired energy pass through a thin foil many more electrons can be 
stripped off allowing a considerable saving of accelerating voltage 
inspite of limited charge state number obtained from ion source. 
This intermediate energy is about 1-3 MeV/n and the obtainable 
charge state for uranium is 40-50. For this purpose the accelerator 
must be divided into two distinct parts, the pre-stripper and the 
post-stripper accelerator. This is not possible in a cyclotron. The 
stripping processes considerably reduce the beam intensity, as the 
incident ions will exit the stripping foil by many different charge 
states, only one of which is useful for subsequent acceleration, one 
can be extracted by a magnetic analysing system for injection into 
the post-stripper accelerator. The remaining charge states are lost 
or deflected to a low energy experimental area. 
Apart from beam loss, a foil stripper has the disadvantage of a 
limited life time of about few hours and thus the foils should be 
changed rapidly under vacuum. 
1.2.4 Production of accelerating voltage 
In the first decade of this century high voltage generators of 
about 150 kV were in use to accelerate electron in an x-ray tube. A 
voltage of 600 kV was obtained by stacking several of those units 
one on top of another and hydrogen and helium ions were accelerated. 
But these devices were unreliable. In 1940s the technology was 
revived and the ingenious discovery of Van de Graaf generator 
allowed the voltage to be raised to 6-8 MV in d.c. accelerating 
devices. The potential could be used twice in the tanden accelerator 
in which a beam of singly charged negative ions is accelerated to 
the positive high voltage potential, stripped there to multiply 
charged positive ions and accelerated back to zero potential. Tandem 
accelerators became commercially available in the 1950s. The attempt 
to increase the voltage beyond 12 MV turned out to be extremely 
difficult. To accelerate Uranium ions to the coulomb barrier, 50 MV 
would be needed. 
1.2.5 The cyclotron and the radio frequency accelerators 
In an electrostatic voltage generator the total high voltage 
really exists and thus the generator has to be insulated and kept 
off the break down threshold. But in radio frequency (RF) generators 
the total high voltage exists neither at the same time nor in the 
same accelerating channel. Radio frequency accelerators can be 
cascaded to provide high accelerating voltages. A cyclotron is a 
wound up RF linear accelerator or linac. While using voltages of 
alternating polarity one has to accept that the particle beam is no 
longer continuous, but in bunches with some time interval in 
between. The oldest one RF accelerator was built by Rolf Winderoe in 
1928. It had cylinderical electrodes cascaded in a line. Sloan and 
6 
Lawrence in Berkeley in 1930s realised that the linear accelerators 
for producing many mega volts would become very long because of the 
low power level of RF generators available at that time. Lawrence 
recycled the particle bunches through one single RF accelerating 
gap. This recycling was achieved by back bending the charged 
particles in a perpendicular magnetic field. Figure 1.1 shows the 
principle. An ion source is placed in the centre of a large magnet, 
the pole pieces of which form a round shape. Two D-shaped RF 
electrodes with a gap are installed in the vacuum chamber between 
the upper and lower pole pieces. Within the gap the RF voltage 
accelerates the particle bunches. With increasing velocity the 
particles are less bent by the magnetic field and spiral out to the 
outer edge of the magnet. All the particles arrive at the same time 
in the RF gap and thus they are isosynchronous. The required RF 
voltage on the D electrodes is of the order of 100 kV and the 
particles travel many hundred times this accelerating potential. 
The maximum achievable particle energy is determined by the 
size of the magnet and the magnetic field strength and the charge 
state of the ions. The specific energy is (Bohne, 1984) 
E/A = 48.24 (B X p )^ X (n/A)^ (1.2.1) 
max. 
B is the magnetic field in tesla and p the outer radius of the 
max 
magnet pole. At high energies, the relativistic mass Increase 
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impairs the isosynchronous condition and magnetic field shaping, and 
frequency modulation are required. In order to overcome the energy 
limitation due to the small n/A value from the ion source, the 
stripping principle is included in modern cyclotron facilities. 
This, in turn, leads to cascaded concept. 
1.2.6 Heavy ion linear accelerator : The UNILAC 
The construction of Universal Linear Accelerator UNILAC started 
at GSI, Darmstadt, V. Germany in 1971 (Angert et al., 1977). UNILAC 
is a high frequency linear accelerator with ion energy going upto 20 
MeV/n. An RF 1inac has the capability of very high beam currents. 
The linear cascading of multiple accelerator sections lends itself 
to the use of multiple stripping along the beam pass. The intensity 
loss due to stripping is not so pronounced, as several neighbouring 
charge states can be accelerated to the same energy. The ion source 
of an RF 1inac is easily accessible and placed at a high voltage 
potential of a few hundred kV. The drawback of the RF linac is that 
if it is designed for a particular minimum n/A value, it can not 
deliver higher energies for larger n/A values. An isotopically pure 
beam can be selected and injected into the beam line. 
To increase the energy of the ions, the beam from the UNILAC is 
injected into a synchrotron accelerator. A synchrotron needs a very 
high intensity beam burst to fill the ring. Then it slowly 
accelerates the beam by recirculating it through a modest RF 
accelerating voltage during the rise of the magnetic field. After 
this cycle, the beam is extracted from the ring into a new high 
energy experimental area. The field of ring magnets is then 
decreased to the injection level and the cycle starts again with the 
next filling burst of the UNILAC beam. Synchrotron is capable of 
increasing the energy upto GeV/n. 
1.3 INTERACTIONS OF CHARGED PARTICLES WITH MATTER 
The penetration of heavy ion into the matter may cause 
different kinds of interactions leading to applications in solid 
state physics, biology and medicine. Nuclei with many constituents 
and surrounded by many electrons interact in complicated ways with 
each other. Thus the many particle aspect of heavy ion researches 
must be taken into account. 
If the heavy ion impinges on a thin foil, it may cause heavy 
destruction in the target's atomic array, causing defects by 
ionising the target atoms, removing them from their normal position 
and so on (Figure 1.2). In insulators these defects do not anneal 
quickly and thus the local disorder can be made visible and can be 
used in many applications. Reactions between accelerated heavy ions 
and the target nuclei can be induced when the kinetic energy 
available is high enough to overcome the coulomb barrier. 
Charged particles such as protons, alpha particles or heavy 
\% 
Heavy-^ '' 
ion 
A heavy ion traverses through matter causing defects in 
the solid lattice of the target. 
A heavy ion approaches another atom in such a way that 
their atomic shells strongly overalp and finally even 
rearrange around the pseudo-nucleus with the sum charge of 
nuclei. 
The projectile nucleus fuses with the target nucleus in a 
system with high angular momentum and also internal 
energy. This system can break up in very different ways. 
Figure 1.2 : Interaction of heavy ions with the target 
ions lose their energy in the stopping medium through three main 
type of processes : 
i) The coulomb force between the particle and the orbiting 
electrons of the target atom can lead to the stripping of these 
electrons from their orbits, or in raising the electrons to 
less tightly bound states.These processes are called ionization 
and excitation respectively, 
ii) Bremsstrahlung : Deceleration of the particles resulting in the 
emission of electromagnetic radiation. 
iii) The ejection of target atoms from lattice sites or out of 
molecular chains due to the direct interaction of electrostatic 
forces between the moving ion and the target nuclei themselves. 
Bremsstrahlung is an important way of energy loss only for 
light particles such as electrons. Thus for heavy ions, the energy 
loss mechanisms (i) and (iii) only may be considered. Then the total 
rate of energy loss can be given as 
dE dE dE 
(- ) + * , = <- ) , * <- ) , * ...(1.3.1) 
_.„ total ^„ nucleus ^„ electronic dX dX dX 
Nuclear collision losses are responsible for the ions having 
energies in 1 MeV region. They are scattered by the coulomb 
potential due to the positively charged nuclei of the target atoms. 
The differential cross-section (for transfer of energy W by an 
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incident particle of energy E) according to Rutherford's scattering 
formula is 
2 2 4 
TT z Z e m dW 
dcrCE. W) = — . . — — (1.3.2) 
(4 n £ ) E M W 
o 
Where e is the permittivity of free space, z.m and Z, M are the 
o 
charge and mass of the incident particle and target nucleus 
respectively. 
For ions of energy greater than 1 MeV, the nuclear collision 
losses become small compared to electronic energy losses. Nuclear 
collisions are important only at the end of heavy ion track. Heavy 
ions with energies of ^ 1 MeV and more (but below the extreme 
relativistic region) lose energy primarily through coulomb 
interactions with the orbital electrons of the target atoms. After 
entering the absorbing medium, the charged particle immediately 
interacts simultaneously with many electrons. In any one such 
encounter, the electron feels an impulse from the attractive coulomb 
force as the particle passes its vicinity. This impulse may be 
sufficient either to raise the electron to a higher lying orbit 
within the absorber atom i.e. excitation or to remove completely the 
electron from the atom i.e. ionization. The energy that is 
transferred to the electron must come at the expense of the charged 
particle, and its velocity is, therefore, reduced as a result of the 
13 
encounter. The maximum energy that can be transferred from a charged 
particle of mass m with kinetic energy E to an electron of mass m 
in a single collision is 4 E m /m or about 1/500 of the particle 
o 
energy per nucleon. As this should be a very small fraction of the 
total energy, the particle must lose its energy in many such 
interactions during its passage through an absorber. The particle 
interacts with many electrons at any given time. Therefore, the net 
effect is to decrease its velocity continuously until the particle 
is stopped. 
The energy loss for different velocity regions can be described 
as follows : 
iD High velocity region CE/m > 1 MeV/n3 
When light ions move with a sufficiently high velocity, they 
are totally stripped of their orbital electrons. The stopping cross 
section of a fully ionised light particle by excitation and 
ionization is given by the Bethe equation (Bethe and Ashkin, 1953; 
Lindhard et al., 1963) 
2 2 4 2 
4 i T z Z e 2 m v C 6 
e = ^ [ i n ° — - i n d - f3^) - fB^  - - ] 
m V I Z 2 
o 
where m is the electron mass, [3 = (v/c) relative velocity and I is 
the mean excitation and ionization energy which is a property of the 
14 
target atom. The term C/Z accounts for the shell corrections 
(Volska, 1952; 1957) arising from the non-participation of the inner 
shell electrons in the stopping process and is important only at 
lower energies. The term 6/2 arising from the density effect is 
important only at the high energy end (Crispin and Fowler, 1970). 
Neglecting smaller correction terms, the specific energy loss 
expression can be written in a simplified form for the 
non-relativistic region as 
2 2 4 2 
dE 4 n z Z e 2 m v 
— N Z ln[ ° ] ( 1 . 3 . 4 ) 
dX m V 
o 
ii!) Low velocity region CE/m < 10 keV/nD 
When the ion velocity becomes small, its equilibrium ionic 
charge decreases as it starts capturing an appreciable number of 
electrons. At very low velocities (E/m < 10 keV/n), the charge 
neutralization of the projectile ion is nearly complete and the 
collisions between the projectile and the electrons of the target 
atoms are almost elastic. The electronic energy loss is found to be 
nearly proportional to the velocity of the projectile. 
Another contriUution (but quite small) to the energy loss 
arises from the Rutherford collision of the projectile with the 
target nuclei, known as the nuclear contribution. For light ions, 
the electronic energy loss dominates the total energy loss even upto 
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the energy of the order of few keV. However, for heavy ions the 
nuclear contribution starts dominating at low projectile velocities. 
iii) Medium velocity region CIO keV/n < E/m < 1 MeV/n) 
The Bethe expression (eq. 1.3.3) is valid only when the 
projectile is totally ionised. At lower energies, the projectiles 
are not fully ionised and during slowing down process there is a 
continuous ionization and recapture of electrons resulting in an 
'effective' charge of the projectile at any given instant. An 
empirical relation for the effective charge of an ion at low 
velocity gives (Heckman et al., 1960). 
z = z [1 - exp (-130 (3/z )] (1.3.5) 
While slowing down an energetic charged particle passes through all 
the velocity regions (high, low and medium). 
Thus in the beginning of its path when the projectile is fully 
ionised, the specific energy loss is proportional to the square of 
2 
the projectile charge and increases with velocity roughly as 1/v . 
As the projectile slows down and electron pick up by the projectile 
becomes important, the effective charge of the projectile decreases 
and the specific energy loss starts falling off after going through 
a maximum. As the heavy ions start to pick up electrons early in 
their slowing down process, the maximum energy loss and the 
projectile energy at which this maximum is reached depend upon the 
mass and charge of the projectile and hence this characteristic can 
n 
be utilized for particle identification. 
Figure 1.3 shows typical plot of specific loss along the path 
of the projectile for light and heavy ions in gaseous medium 
(Ziegler, 1980). These are known as Bragg curves. It has been 
observed (Gruhn et al., 1982) that the energy lost by the particle 
in the last portion of the range is more sensitive to the particle 
type. 
1.3.1 Range energy relations for heavy charged particles 
The range of a charged particle in stopping material is the 
quantity of practical interest which is related to the differential 
stopping power. The stopping of energetic ions in matter is a 
subject of great theoretical and experimental interest. Energetic 
heavy ions penetrating the solids undergo a rapid series of 
collisions which degrades their energy and causes excitation and 
ionization of both the ion and the atoms in the medium. Because of 
the chaotic nature of the collisions and the short time between 
relatively violent events it is difficult to study isolated 
collisions in dense media or to determine the states of ions as they 
penetrate solids. At any given time, the particle is interacting 
with many electrons, so the net effect is to decrease its velocity 
continuously until the particle is stopped. Charged particles are 
characterised by a definite range in a given absorber material. The 
range represents a distance beyond which no particle will penetrate. 
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Figure 1.3 : Bragg curves for heavy ions in methane. 
3 
Gas density = 0.1314 mg/cm . 
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Range of a charged particle is defined as 
R = /^ ^^ (1.3.S) 
° -dE/dX 
where the integration can be carried out in general only numerically 
as no simple analytical expression exists for the differential 
energy loss which is valid for the entire range of the projectile. 
Range energy relations are usually computed on a semi-empirical 
basis by making extrapolations from experimental stopping power 
data. 
For the non-relativistic case with v << c, the particle range 
can be written (Crispin et al. 1970) as 
3 
m m 1 v dv 
R = / — °- CI. 3. 7) 
z 4 n e N Z ln(2 m v /I) 
o 
Thus for the energy region E/m > 1 MeV/n the particle ranges vary in 
a simple manner with respect to projectile mass, charge and 
3 4 
velocity. For example, for He and He having same initial velocity, 
2 
the ranges are proportional to m/z . 
According to Bragg-Kleeman rule which provides an approximate 
estimate of the relative ranges of particles in different 
substances, the ratio of the ranges in two different materials is 
given by 
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— ^ - = — - — * (1.3.8) 
where d is the density and A is the atomic weight. 
Generally a detector system will record signals which depend on 
particle properties such as the energy E, velocity v (or P = v/c), 
rate of energy loss dE/dX in the medium or some combination of these 
properties. A successful experiment must give a sufficient subset of 
these parameters to allow z and m to be determined. For example, if 
we are able to measure the rate of energy loss, total energy and 
velocity of a particle with sufficient accuracy then, since dE/dX in 
the given medium is a function only of the particle charge and 
velocity and the energy is a function of its mass and velocity,, the 
nature of the particle may be precisely determined. 
1.3.2 Secondary electrons 
In all the cases of practical interest, the interaction results 
in the full or partial transfer of energy of the incident particle 
to electrons or nuclei of the constituent atoms, or to charged 
particle products of nuclear reactions. If the interaction does not 
occur within the detector, these radiations (e.g. neutrons, photons 
and heavy charged particles etc.) can pass completely through the 
detector volume without revealing the slightest hint that they were 
ever there. 
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All the free charge pairs produced by an incident charged 
particle in a medium result from a direct ionizing collision between 
the projectile and the target. Nearly half of the kinetic energy 
lost by the projectile is transferred to the orbital electrons in 
'hard' collisions, producing fi-rays which are secondary electrons 
having kinetic energies of several keV. These electrons slow down in 
the medium resulting in further ionization or excitation. Thus the 
total ionization is the result of a sequence of ionizing events, 
involving both the incident particle and secondary electrons. 
The incident ion releases the electrons having a broad spectrum 
of kinetic energies. Due to the nature of Rutherford scattering 
cross-section this spectrum is strongly peaked at low energies but 
extending upto W -I for electrons released from the ith electron 
max 
shell where W is the maximum energy imparted to the electron and 
max 
1 is the ionization potential. If the incident ion is a heavy ion of 
energy about 1 MeV/n, W imparted to the electron will be about 
max. 
2 keV. As 6 ray of this energy would have a range in Al of about 
50 mm, such fi-rays will produce a considerable amount of ionization 
of their own and this ionization will be spread throughout an 
appreciable volume of the stopping material along the path of the 
incident ion. The bulk of the energy carried by 6-rays is deposited 
within tens of Angstroms of the ion path. The characteristic 
—3 
distance for fast electrons is ~ 10 m. Detailed calculation of 
energy deposition around the paths of ionizing particles have been 
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carried out by many workers (Paretzke, 1974; Paretzke and Burger, 
1970; Fain et al., 1974). For fast ions about half of the energy 
loss is converted into the kinetic energy of electrons; from the 
remaining energy loss about half Is used up in the excitation of the 
electrons. The residual one fourth of the original energy is 
accounted for in overcoming the ionization potential of target atoms 
(Paretzke, 1977). 
1.4 NUCLEAR FISSION 
Nuclear fission which involves massive motion and subsequent 
division of a heavy nucleus into two nuclei "With varying mass 
distributions, is a complex nuclear reaction. The explanation of 
fission was first given by Hahn and Strassman in 1939 on the basis 
of a nuclear liquid drop model. The stability of nuclei has been 
discussed in terms of cohesive short range nuclear forces analogous 
to surface tension and electrostatic forces of repulsion. Bohr and 
Wheeler (1939) put the original ideas about the compound nucleus 
hypothesis and the liquid drop model which provide an acceptable 
expalanation. Although, subsequently, important advances were made 
with the inclusion of nuclear shell effects and other quantum 
properties in the various theoretical studies of the fission 
process, the liquid drop model (LDM) picture of Bohr and Wheeler to 
provides a very useful theoretical consideration and explain many 
gross features of the fission process. 
H 
On the energetic consideration alone, spontaneous fission is 
possible for all nuclei with A > 120 and the splitting of these 
nuclei in two fragments will result in a release of energy. But the 
presence of a fission barrier keeps these nuclei stable. Meitner and 
Frisch (1939) recognised that if a nucleus is divided into two 
fragments of comparable mass, the mutual coulomb repulsion of the 
fragments would result in a total kinetic energy of about 200 MeV,an 
amount of energy available from the difference in the masses of the 
original nucleus and the two fragment products. The only naturally 
occurring nucleus that can be fissioned with thermal neutrons is 
235 
U which constitutes 0.71% of naturally occurring uranium. When a 
nucleus of high atomic number undergoes fission, almost equal parts 
of fission fragments are produced. The fission fragments may become 
stable by ejecting one or more neutrons or by the emission of beta 
particles after conversion of neutron into proton. Fission into more 
than two intermediate mass fragments is extremely rare. The fission 
fragments can be anyone of the nuclides lying in centre third of the 
periodic table. The most striking feature of the fission process is 
the observed mass asymmetry in the fragment mass distributions for 
actinide fissioning nuclei. The maximum yield occurs for mass 
numbers near 95 and 140 (Flynn and Glendenin, 1970). About 170 MeV 
of released energy is provided as the kinetic energy of the fission 
fragments, only very small fraction goes to all fission neutrons 
which are emitted virtually instantaneously and are called prompt 
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neutrons. According to the compound nucleus theory, these are the 
neutrons which are boiled off from the highly excited compound 
235 
nucleus. In case of U, only 0.64% delayed neutrons are emitted 
having a time lag of several seconds to more than a minute after the 
fission. The energy distribution consists of two distinct fragment 
groups having mean energies of about 70 and 100 MeV. Excitation of a 
nucleus by direct reaction to induce fission is an especially 
important process for studying the transition states in an even-even 
nucleus where it is possible to make measurements at excitation 
energies corresponding to negative neutron energies for the 
t 
appropriate neutron capture reaction. The information about nuclear 
states at the deformed saddle configuration can be derived from 
fission fragment angular distributions. The introduction of 
excitation energy by a direct reaction allows us to study fission at 
energies below the barrier. In contrast to this, neutron induced 
fission can be used only at excitation energies exceeding the 
neutron binding energy. Since evea-even final nuclei are produced by 
neutron capture on nuclei with odd A and odd N, the lowest possible 
excitation energy usually exceeds to some extent, the fission 
barrier. Hence, it is not possible to study the near barrier 
transition states of even-even nuclei by the neutron capture 
reaction. The (a,a'f) reaction on even-even targets gives very large 
fission fragments anisotropics near threshold excitation. 
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1.4.1 Fission Cross-section 
A great deal about the nuclear structure was already learnt in 
the early years of nuclear physics research. The low and medium 
energy accelerators which were constructed in the fifties and 
sixties become powerful tools for the studies of nuclear 
spectroscopy through light and heavy ion reactions. In the early 
years study of the fission process was the only means available to 
investigate large scale nuclear motion. However, in recent years, 
with the availability of heavy ion accelerators capable of 
accelerating a variety of heavy ions to energies upto about 20 
MeV/n, it become possible to study the dynamics of nucleus-nucleus 
collisions in great detail and in a more systematic way. Therefore, 
with the availability of energetic heavy ion beams, it has become 
possible to produce fissioning nuclei with high fissibility and/or 
spin and to study their fission properties including the fragment 
angular distributions with respect to the beam direction and the 
fission cross-sections. As a result, over the years, the studies of 
the fission process and nucleus-nucleus collisions through the heavy 
ion reactions have led to the development of a new area of nuclear 
physics, the nuclear macrophysics dealing with bulk nuclear 
behaviour. 
From the fission cross-section measurements, the competition 
between fission and the fission probability was deduced as a 
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function of the excitation energy. The fission probability is 
related to the height of the potential barrier which controls the 
fission process. The barrier arises from the forces involved in the 
large nuclear distortions which lead to fission. The dependence of 
the relative probability of fission for a nucleus, f = o /a as a 
2 
function of Z /A has been shown to fall off monotonically with the 
mass number A. However, it increases rapidly with increasing Z. A 
4/3 linear dependence of fission cross section on Z /A was suggested 
by Henkel and Barschal (1964). Fission cross-sections for a 
particles and neutrons have importance not only in the study of 
fission probability but also in understanding the fission mechanism 
(Auchampaugh et al., 1971; Cremer et al., 1969; Fraser and Milton, 
1966). 
1.5 OCCURRENCE OF URANIUM IN NATURE 
Uranium is a naturally occurring heaviest radiotoxic trace 
element found in almost all rocks, soils, sand, water and phosphate 
deposits as well as minerals such as pitchblende, uraninite, 
carnotite, autunite, uranophane, davidite and tobernite etc. The 
concentration of uranium in few ores lies between 40 and 60% while 
its average concentration in the earth's crust is estimated to be 
-4 4x10 % (Bansal et al., 1990). Although uranium is considered as one 
of the rarer elements, it has widespread occurrence throughout the 
earth's crust than other toxic elements such as K, Sb, Cd, Hg and Bi. 
2^ 
It was discovered in 1789 by the German chemist Klaproth in the 
course of an examination of pitchblende mineral originating in 
Saxony. To this new substance he gave the name 'uranium' in honour 
of Hershel's discovery of the planet uranus in 1781. It consists of 
238 235 234 
three different isotopes U, U and U in the proportion 99.28 
: 0.71 : 0.005 by weight respectively (Hyde, 1964). Studies show 
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that the percentage weight of U in natural uranium varies by as 
much as 0.1%, depending on the source. The International Atomic 
Energy Commission (I.A.E.C.) has adopted the value of 0.711 as being 
235 238 234 
their official percentage of U in natural uranium. U and U 
235 belong to one family called the uranium series, while U is the 
238 first member of actinium decay series. U, the parent element of 
9 
uranium decay series has half life of 4.5x10 Yrs and supports 13 
main radioactive decay products and several collateral 
radionuclides. The uranium concentration varies in normal rocks 
_g _g 
between about 0.2x10 and 25x10 g/g of rock (Hevesy, 1930, 1932) 
with the higher values present in acidic rocks (high silicate 
content) such as granite. Relatively minor amounts of uranium are 
found in the 'basic' basalt rocks such as those which form the 
floors of the oceans. The uranium content in the accessible 
_g 
lithosphere has been found to be about 2.8x10 g/g (UNSCEAR, 1966, 
1972), but it varies widely in different types of rocks. However, 
90% of the world's known uranium resources are conglomerates and 
sandstones (Kirk-Othmer, 1978). Uranium is an important constituent 
I' 
of about 155 minerals and a minor constituent of about 60 minerals 
as an impurity. Uranium concentration within each type of rock also 
varies greatly, especially in black shales which can contain it upto 
-4 2.5x10 g/g. Rock phosphate which is used extensively in fertilizer 
-4 industry have uranium level upto 1.2x10 g/g (Roessler, 1979). The 
approximate abundance of uranium in different type of rocks and 
sediments are given in table 1.1 (IAEA, 1980). The upper part of the 
crust probably is enriched in uranium. 
Ground water is the main agent in the migration and 
redistribution of the uranium in earth's curst. The capacity of 
water to dissolve and carry uranium to the surface varies, depending 
on the physical and chemical characteristics of water such as pH, 
temperature, redox potential, level of dissolved solvents and flow 
rate. A very high concentrations of uranium have been detected in 
drilled wells and ground water in the countries like Finland, Sweden 
and United States (Asikainen, 1982). These high levels of uranium 
have been accounted to the granites and metamorphic pegmatites which 
hydrothermally introduced uranium. The uranium content of sea water 
varies from 0.36x10 to 2.3x10 g per litre (Hernegger and Karlik, 
9 3 1935). Assuming the volume of the oceans to be about 2x10 km , the 
9 
total amount of uranium is 4x10 tons or 0.003 percent of the 
earth's crust. The uranium content of rivers on the basis of very 
fragmentary evidence, is throught to be of the same order of 
Table i-1 
Approximate abundance of uranium in different types of 
rocks and sediments. 
Rocks and sediments Uranium 
Concentrat ions Act ivity 
Bq/kg 
Mafic igneous rocks-
basal ts 
gabbros 
1.0 28.8 
Intermediate igneous 
rocks-
diorites 2.0 49.6 
Acid Igneous rocks-
granodiorites 
granites 
2.6 
4.7 
64.5 
i 16.5 
Sediments-
normal shales 
1 ime sfiDnes 
black shales 
4.0 
2.0 
8.0 
45.6 
198. 3 
at^ . 
magnitude as that of the sea water. The contaBiination of uranium in 
ground water is important due to its chemical and radiotoxicity. The 
presence of high radioactive ground water can be an indication for 
the presence of uranium deposits in the surrounding bed-rock. Water 
being an essential and regular material of consumption, the toxicity 
from uranium is of great importance. The annual dietary intake of 
238 
U has been found to be about 5 Bq in the normal background areas 
(UNSCEAR, 1977). 
Uranium is also a constituent of living matter (the biosphere). 
It is a normal component in organism and its concentration in plants 
is of the order of a few ppm (Canan, 1960a, 1960b, 64; Shacklette, 
1962, 64). It appears to be a normal component of protoplasm 
(Diobkov, 1937). It has been estimated that uranium occurs there in 
-4 -9 
concentrations varying from 10 to 10 percent by weight 
(Hoffmann. 1941, 1942c; 1943a,b). 
Uj'anium also occurs as a brown black ore containing the metal 
as U O . In the Colorado Plateau region of the U.S. the most common 
•3 o 
form of uranium is the yellow carnotite. Rock phosphate is used 
extensively as a source of phosphorus in fertilizers in which 
—2 
concentration may be as high as 1.2 x 10 g/g (Roessler, 1979). 
1.5.1 Radiological importance of uranium 
A large number of problems are associated with the biological 
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effects and carcinogenic implications of radionuclide traces present 
in human consumables and biosphere. Uranium and its compounds are 
highly toxic, both from chemical and radiological standpoint. The 
high toxicity as well as the effect of radiation (mainly alpha 
particles) make uranium an element that possesses a serious hazard 
to health by accumulation in tissues, bones, liver and kidney 
(Ghafourian et al., 1982; Shihomatsu and Iyer, 1989). Thus, uranium 
and its radioactive decay series elements either inside or outside 
the body can be quite harmful. The uranium decay chain gives a 
principal radioactive inert gas radon that is of more radiological 
significance than other members. Natural uranium in its unstable 
tetravalent form is oxidized to the toxic hexavalent form which then 
combines with active sites (phosphate groups) on the cell's surface, 
blocking normal metabolic processes necessary for the cell's 
survival (Steere, 1970). Hexavalent uranium injures kidneys, 
preventing the normal waste product elimination such as urea, 
resulting in renal disfunction. It is important in water because 
almost all tetravalent compounds are insoluble in water (Bansal, 
1992). Due to the somatic mutation occurring in the cell it can even 
lead to cancer (Power, 1981). These mutations can lead to the 
unregulated division of cell due to the alteration of control 
mechanism of cell. Radiation effects are repairable only at low dose 
rates. However, the damaged cells may occasionally multiply 
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to low doses for a long period can be dangerous, eventhough the 
permissible dose is 40 mg/day (Morgan, 1973). Studies among miners 
have shown that the incidence of lung cancer is a linear function of 
accumulated exposure. A linearity between dose and effect indicates 
that low exposures cannot be neglected when the exposure is spread 
over a longer period. Besides its high toxicity, uranium plays an 
important role in various cosmochronological and nucleosynthesis 
events. 
The radioactivity of water has also been a subject of interest 
for uranium prospectors for many years. Radioactive nuclides in 
water enter the human body mainly through food stuffs and drinking 
water, inhalation being of importance only for the daughter products 
222 
of Rn. High contents of uranium in water from different sources 
have drawn the attention of radiation protection scientists and 
especially of uranium prospectors. Hydrolysis plays an important 
role in the environmental behaviour of uranium and it competes with 
organic and inorganic complexation. 
The uranium provides, not only information on health risks, but 
also the initial tools for understanding the occurence, behaviour 
and control of radon and its decay products in the environment. Out 
222 
of the various isotopes of radon, Rn is the most important, 
present to a greater or lesser degree in all environmental media 
viz. air, water and soil. 
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The metabolism and toxicology of uranium in animals was 
reviewed a few years ago (Hursh and Spoor, 1973). More recently the 
ICRP has issued a revised metabolic model and guidelines on 
occupational dose limits for uranium. The most striking change has 
been with respect to assumptions about the gastrointestinal (GI) 
absorption. A review of the data on uranium in human tissues 
suggests that GI absorption will probably have to be of the order of 
20% to permit sufficient uranium to accumulate from the diet in 
skeleton samples to account for the observed concentration of 
uranium in the skeleton. In normal areas of the world, typical 
burdens of uranium, thorium and plutonium are all in the range 1 to 
20 pCi. Thorium is highest followed by uranium and plutonium. There 
are populations having much higher the normal intakes of uranium in 
the diet which is presumably well absorbed by the GI track. 
Therefore, the measurements of uranium in water and human 
consumables are important and essential from the point of view of 
health hazards. 
1.6 SIGNIFICANCE OF THE STUDY 
Numerous applications of solid state nuclear track detectors 
(SSNTDs) to the present and future needs of users and trackologists 
have become apparent. Consequently, more and more scientists are 
engaged in getting experimental and theoretical information about 
the behaviour of etched tracks. Track etching technique has 
32 
successfully been employed in many insulating materials for 
revealing the path of charged particles and for their 
identification. This technique is well suited for the studies of 
fission reactions because SSNTDs are capable of registering low 
fluxes of fission fragments while remaining unaffected by very large 
fluxes of lightly ionizing particles. 
Now, the heavy ions having energies exceeding 5 MeV/n or more 
have been made available, values of the rate of energy loss and the 
ranges of such ions are not very accurately known at this stage. 
However, some studies have been made in the recent past (Northcliffe 
and Schilling, 1970; Hubert et al., 1980; Grabez et al., 1983; 
Dwivedy, 1988;a et al., Saxena et al. 1989). Energy measurement of 
heavy ions requires highly sophisticated instruments such as recoil 
proton spectrometer (Bimbot et al., 1978a,b; 1980, 1986).magnetic 
spectrometer (Bimbot et al., 1986), time of flight (TOF) (Hahn et 
al., 1981; Geissel et al., 1983) and double time of flight (DTOF) 
(Geissel, 1982) systems. Although these systems are capable of more 
precise measurements as compared to the proposed nuclear track 
technique, but due to its simplicity and low cost the track 
techniques may be considered as quite handy and useful. 
SSNTDs when used for detection and identification of ionizing 
particles need to be calibrated using known ions. Whatever may be 
n 
the mechanism for production of latent tracks, the basis for 
identification lies in the data acquisition on various etched track 
parameters viz. track length, residual range, track etch rate, etch 
rate ratio, etch pit diameter, restricted energy loss, restricted 
energy loss rate and growth profile etc. The stopping power for 
heavy ions in solid media is also of great importance in many 
nuclear physics experiments to calculate energy loss of heavy ions 
and reaction products in targets, absorbers, windows and detectors. 
Polycarbonates are found to be the most suitable for the 
preparation of ion track filters (Spohr, 1989), single pore 
membranes because of their uniformity in pore size and regular pore 
shape. These have remarkable applications in the fields of 
environmental (Fischer and Spohr, 1983), bio-medical (Roggenkamp et 
al., 1981) and super-fluidity (Gamota, 1973) studies. Such type of 
filters are produced by bombarding polycarbonate foils with heavy 
ionizing ions (viz. Ar, Xe, U, etc.) at energies above 10 MeV/n. To 
create such microapertures of desired size and shape a knowledge of 
various track parameters like track etch rate V , bulk etch rate V 
T G 
and maximum etchable track lengths, complete etching time etc.are 
most essential. 
The study of fission is considerably important in nuclear 
physics because it can provide information on several aspects of 
nuclear behaviour (Kapoor, 1989). Using fission track registration 
34 
technique, integrated cross-section can easily be obtained. From the 
fission cross-section measurements, fission probability can be 
deduced as a function of the excitation energy (Huizenga et al., 
1962). The fission probability is related to the height of the 
potential barrier which controls the fission process. The 
measurement of fission fragment angular distributions at moderate 
excitation energies (E > 30 MeV) can provide an important means of 
deducing information concerning the nuclear shape (Vandenbosch and 
Huizenga, 1973; Reising et al., 1966). By selection of appropriate 
projectile target combinations and projectile energies, it has been 
possible to study the dependence of saddle point shapes upon the 
fissibility parameter and exictation energy. The fission cross 
sections can be used to deduce quantitative information on the ratio 
of the partial widths for fission and neutron emission. 
Uranium, being the parent elements of the long decay series in 
which radon is an inert gaseous member plays an important role from 
radiological point of view. Intake of uranium and its decay series 
elements can be harmful for health. When absorbed in the body it can 
constitute a far greater radiation risk as the internal tissues are 
irradiated continuously with radioactive rays till the radioisotopes 
are eliminated in the faeces or urine or else lose its radioactivity 
by natural decay. Besides its radiological importance, uranium plays 
a significant role in various cosmochronological and nucleosynthesis 
35 
events. Evaluation of the occurrence and distribution of this 
environmentally important trace element can be useful in assessing 
the mobilization of the trace element to ecosystem. For the 
microanalysis of uranium fission track registration technique can be 
very conveniently used. This technique is highly reliable and 
sensitive for the detection of uranium even upto sub-ppb levels. 
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CHAPTER - II 
SOLID STATE NUCLEAR 
TRACK DETECTORS 
i? 
2.1 INTRODUCTION 
During the last two decades the Solid State Nuclear Track 
Detectors (SSNTDs) have found applications in alaost all branches of 
science and technology. SSNTDs are the most widely used detectors 
for low as well as high energy ionography. They include the 
dielectric solid materials mainly natural, volcanic and man made 
glasses (phosphate, soda lime, tektite, silica, flint, granite, 
obsidian etc.), minerals (allanite, apatite, aragonite, garnet, 
sphene, zircon, quartz, epidote, feldspar, diopside, mica etc.) and 
plastics (cellulose acetate, cellulose nitrate, cellulose 
propionate, cellulose triacetate, polyster, polyamide, 
polycarbonate, polyethylene, polystyrene, polyethylene terephthalate 
and Columbia Resin (CR-39) Plastics etc.). Basically SSNTDs are 
classified as inorganic crystals, inorganic glasses and high 
polymers (plastics). Plastics, the most sensitive group have wide 
applications in the study of heavy ions, cosmic rays, neutron 
dosimetry and radon dosimetry etc. 
The principle of detection of charged particles by the SSNTDs 
is based on the fact that the passage of heavily ionizing nuclear 
particles through most dielectrtic solids produce narrow intense 
damage trails on an atomic scale (~ 30-100 A ) along the trajectory, 
as a result of the excitation and ionization of atoms. In crystals, 
the latent trails consist of atomic displacements whereas in 
plastics or polycarbonate the damage is due to broken molecular 
chains which produce free radicals etc. The damaged narrow region of 
the solid having different chemical and physical properties than the 
undamaged bulk material of solid is called the 'Latent Track*. The 
latent track can be seen directly only with Transmission Electron 
Microscope. However, it can be seen under optical microscope after 
enlarging upto few microns through chemical etching. As the damaged 
region of the solid dissolves faster in an appropriate etchant as 
compared to undamaged material, these latent tracks may produce 
conical etch pits or in certain cases narrow conical channels called 
'Tracks'. When these conical etch pits are enlarged to sizes 
comparable to the wavelength of visible light, they can be obsered 
under an optical microscope at ordinary magnifications. 
Now-a-days the SSNTDs have grown to such an extent that there 
is hardly a branch of science and technology where these do not have 
an application. As compared to other detectors such as bubble, 
cloud, spark chambers and even nuclear emulsions etc. these are 
extremely simple to construct. Basically, almost all of the 
materials used in etched track ionography are fabricated as 
electrical insulators and for use in the manufacture of a wide range 
of everyday objects (Durrani and Bull, 1987). 
2.3 HISTORICAL FEATURES 
In 1959 E.C.H. Silk and R.S. Barnes first observed the damage 
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trails produced by fission fragments at the British Atonic Energy 
Research Establishment at Harwell (England). Their observations gave 
a chain of ideas about the discovery of particle tracks and have 
helped to create an aura of excitement and fascination for particle 
tracks in solids. 
Basically, the era of nuclear tracks began in 1958 when D.A. 
Young working at the Atomic Energy Research Establishment at Harwell 
published a remarkable note in Nature (Young, 1958) on the presence 
of etch pits in LiF crystals. According to which the crystals were 
chemically etched following their irradiation with thermal neutrons 
along with a uranium foil kept in close contact with them, to reveal 
fission fragment tracks. He also briefly described possible 
mechanism of track formation whose principle is identical to what 
some models later proposed for track formation mechanism in 
inorganic detectors. Further analysis of the crystals showed a 
complete correspondence between the number of etch pits and the 
estimated number of fission fragments which would have recoiled into 
the crystals from the uranium foil. One year later Silk and Barnes 
working in the same institute reported the direct observation of 
those nuclear tracks in mica using Transmision Electron Microscope 
(TEM). 
The extensive development of this technique of observing 
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nuclear tracks in dielectric solid crystals and glasses was done by 
a team of scientists (Fleischer, R.L., Price, P.B. and Walker, R.M.) 
at the General Electric Research Laboratory at New York. They 
repeated the observations of some earlier workers. Successively, 
they also observed that the damaged trails in mica can be etched 
preferentially in an appropriate etchant and can be observed under 
an optical microscope (Price and Walker, 1962a; i962b). Fleischer 
and Price (1963a,b) also pointed out that the spontaneous fission of 
the trace amounts of uranium present as impurities in rocks would 
leave such type of latent trails in crystals of the rock. They also 
indicated that the nuclear tracks could be etched and observed in 
glass, minerals as well as in plastics. Fleischer, Price and Walker 
thus established this new field of 'Trackology' and put the ideas on 
the possibility of applications of SSNTDs in science and technology. 
Due to their outstanding properties like simplicity, flexibility, 
durability and their specific nature of response to various 
radiations, they found rapid applications in diverse fields of 
science and technology. After the first review paper of Fleischer et 
al., (1965a) the scientists started working on SSNTDs and their 
applications in different laboratories of the world. Thus, the 
growth of fundamental knowledge and technological applications of 
'trackology' based on ionographic registration in SSNTDs 
established. 
2.3 IMPORTANCE OF SSNTDs AND THEIR PLACE IN PARTICLE DETECTION 
The track formation in SSNTDs is related to the ions which 
produce damage in a solid, exceeding certain threshold unit so that 
damage concerned is permanent along the trail of the ion. This 
property of track etch detectors is one of the main advantages in 
particle identification. The threshold for the detection of a 
particle is quite favourable property when one has to detect a heavy 
particle and avoid an intense background of ionizing radiations. The 
intensity of ionization damage produced by an ionizing particle is 
directly proportional to the square of its charge and approximately 
inversely proportional to the square of its velocity. This property 
of charged particles for detector material has been used 
successfully by various workers in the study of cosmic ray particles 
through nuclear track registration. Sensitivities to nuclear 
particles for different materials have been found different for 
different ions theoretically as well as experimentally. Plastics 
(organic polymers) are found to be the most sensitive. Some well 
known and commonly used plastics and their relative sensitivites are 
cited in Table 2.1. 
The threshold characteristic is an important tool in many 
applications in physical sciences and contributed significantly to 
the establishment of the solid state nuclear track detectors. SSNTDs 
have many useful features over other nuclear charged particle 
Table 2.1 
Relative sensitivities of some commonly used plastics 
Plastics Chemical Composition Least observable ion 
Allyl diglycol 
carbonate (CR-39) 
S2''l8S 10 MeV ^H 
Amber 2 3 2 Fission fragments 
Bisphenol-A 
polycarbonate 
(Lexan, Makrofo1) 
C H 0 16 14 3 0.3 MeV He 
Cellulose nitrate 
(Diacel) 
C H 0 N 6 8 9 2 0.55 MeV ^H 
Cellulose nitrate 
(LR-115) S''8°9''2 
0.1 MeV H 
Polyethylene Cfl, Fission fragments 
Polymide SlV4''2 36 MeV ^^0 
Po1yoxymethy1ene 
(Delrin) 
CH^O 28 MeV ^^B 
Polypropylene CH. 1 MeV He 
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detectors (ionization chamber, scintillation counter, cloud chamber, 
Geiger Muller counter, proportional counter, nuclear emulsion, 
bubble chamber, spark counter and semiconductor detectors etc.). 
Some important features of solid state nuclear track detectors are 
enumerated as follows : 
i) These detectors are simple in construction and can be 
obtained in very small as well as in very large sizes, 
ii) These are cheap and can be conveniently used, 
iii) These are insensitive to light, X-rays, ^-rays and p-rays 
etc. 
iv) These detectors record tracks permanently in them and can be 
left or stored for very long time unattended under severe 
environmental conditions like high temperature, pressure, 
humidity, radiation background and extreme mechanical 
vibrations (Fleischer et al., 1965b). 
v) These solids being robust do not require very careful 
hand1i ng. 
vi) These are threshold type detectors and the best utilization 
of this property is for the detection of heavy ions such as 
fission fragments which can be recorded and distinguished 
from a very high background of light charged particles like 
4 2 1 
He, H, H, p-particles. X-rays, ^-rays and even neutrons. 
vii) A very high efficiency and sensitivity can be obtained if the 
detectors are placed in direct contact with the fission 
fragment sources, 
viii) These detectors also possess the charge and energy 
discrimination properties. It has recently been reported 
that the resolution for high z particles obtained with 
plastic detectors is better than nuclear emulsions, 
ix) These detectors also have a considerable amount of geometric 
flexibility and are, therefore, particularly useful in 
angular distribution measurements, 
x) To study nuclear interactions in these detectors high spatial 
and time resolutions may be achieved using electron 
microscope, 
xi) The revelation of tracks in these detectors through 
preferential chemical etching process is very quick and 
simple as compared to nuclear emulsions, 
xii) Out of SSNTDs some solids themselves can be used as targets 
as well as detectors viz. plastics, while measuring neutron 
flux recoil nuclei and glasses and mica etc. in neutron 
fluence measurements using fission tracks. Fission tracks 
235 
arise due to the impurities present such as U. 
Despite these advantages, these SSNTDs suffer from some 
disadvantages with them given below. 
i) Only a part of the total track length of the particle 
trajectory can be seen leaving the part that has been etched 
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off. 
ii) Although charge and mass resolution of charged particles has 
been possible with these detectors, an accurate energy 
resolution has still not been possible, 
iii) One has to perform a blind experiment as during the 
experiment, the monitoring of the experimental observations 
is not possible. 
After comparison of the properties of SSNTDs with other 
detectors, it can be easily observed that SSNTDs have many 
advantages over other detectors in general. Light charged particles 
1 2 3 4 
such as H, H, He, and He were detected by the use of SSNTDs and 
attempts were also made to make some reasonable estimates of their 
energies. But later they have found wide applications in heavy ion 
and cosmic ray studies. 
E.4 APPLICATIONS OF SSNTDs 
The track registration technique of solid state nuclear track 
detectors has found wide and diverse applications in almost all 
fields of science and technology and there is a great fascination 
towards them. A brief discussion of the important applications of 
SSNTDs is given below. 
2.4.1 Nuclear physics 
Particle identification characterised by their charge z and 
mass in is a major area of applications of SSNTDs in nuclear physics. 
The tracks formed in the detector medium depends on the properties 
of the incident particle namely its energy E, velocity v and rate of 
energy loss (dE/dX) in the medium. The total energy of the particle 
(function of mass and velocity) and the nature of the particle can 
be precisely determined if one can precisely scale the rate of 
energy loss which is a function of incident particle charge and 
velocity. They are ideal for fission studies because SSNTD technique 
can provide free detection of heavy charged particles (such as 
fission fragments) in the presence of high dose of light rays, X & 
}^ -rays and also light charged particles (such as f3-particles) and 
neutrons etc. 
Plastic track detectors are also used for charge and mass 
resolution. Price et al (1970) obtained a charge resolution Az of 
~ 0.3 charge unit and mass resolution of ~ 2 amu using Lexan. In 
cosmic rays studies a mass resolution of 0.7 amu for Fe isotopes was 
reported (Siegman et al., 1976) using UV sensitized Lexan. A Az of 
<0.1 charge unit and " 0.3 amu mass resolution in CR-39 (Cartwright 
et al., 1978) are also reported. SSNTDs have been successfully used 
for the determination of half life of spontaneous fissioning nuclei. 
It is also possible to obtain the half life by comparing with the 
number of tracks produced by a natural radioactive substance with 
half life comparable with that of unknown radionuclide. To determine 
compound nucleus life time by blocking effect is an another 
remarkable application of track detectors in nuclear physics. Gibson 
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and Nielsen (1970) measured the life time of 1.4x10 sec for the 
238 decay of the Np compound nucleus in the first successful 
experiment. This was accomplished by bombarding UO single crystal 
with protons of two different energies and by comparing the blocking 
patterns of fission fragments emitted from the crystal imaged in a 
Makrofol detector. For the measurement of half life of alpha 
emitting compound nuclei, alpha sensitive track detectors can be 
used. 
Microanalysis of fissionable trace elements is another 
potential application of SSNTDs. Micromapping upto sub-ppb level is 
possible with this technique. The detailed discription of the 
technique is given in the last chapter of this thesis. Some other 
important applications of SSNTDs in nuclear physics are : 
i) The determination of fission barrier and saddle point mass of 
nucleus (Burnett et al., 1964). 
ii) The search and determination of half lives of Super Heavy 
Elements produced by galactic nucleosynthesis during the 
formation of solar system. Bhandari et al. (1971) has claimed 
to have obtained fossil track evidence for Super Heavy 
Elements, 
iii) Ternary fission was first observed by Fleischer et al. 
II 
(1966).A number of track detectors are used in the 
investigations on the ternary photofission (Medveczky and 
Sofflogyi, 1970). Methasiri and Jahansson (1971) have 
detected high energy photofission of heavy and medium heavy 
elements. 
iv) The excitation functions and the isomeric yield ratio for 
the 14 ms fissioning isomer from deuteron irradiation of 
Plutonium were measured by Flerov et al. (1964). 
v) Synthesis of element z = 104 was demonstrated by Flerov et 
al. (1965). 
vi) For the study of fragments emitted in radioactive heavy ion 
reactions, 
vii) Track detectors (eg. Lexan) are used to determine angular 
distributions, energy spectra and charge distribution of low 
energy fragments and also in relativistic heavy ion 
reactions, 
viii) Angular anisotropy and nuclear pair correlation effects in 
nuclear fission were observed by Smirenkin et al., (1968). 
ix) In 1973, Chung had determined the cross-section for the 
, X , * 200„ electrofission of Hg. 
x) Some rare multlprong events were observed (Brandt et al., 1980 
Khan et al., 1980). 
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2.4.2 Heavy ion research and related studies 
SSNTDs have many important applications in research works 
related to charged particles. Because these detectors are 
insensitive to X and '^-rays and also have threshold property for 
detection, they are used widely in heavy ion research such as 
composition of cosmic rays, heavy ion nuclear reactions, radiation 
dose due to heavy particles, explorations of super heavy elements 
and magnetic monopole etc. (Fleischer et al., 1975). Dial et al. 
(1955) predicted that the pattern of energy loss along the 
trajectory of fission fragments was entirely different from the 
pattern of energy loss followed by energetic heavy ions (energies 
exceeding about 5 MeV/n) such as Fe, Pb, Xe and U ions. The values 
of the rate of energy loss and the ranges of such ions are not very 
accurately known eventhough the heavy ion accelerators have made 
available various heavy ions having energies exceeding 5 MeV/n or 
so. However, recently some calculations have been made based upon 
certain assumptions which incorporate values of the interaction 
parameters used for the interactions involving light ions viz 
protons and alpha particles (Chohan et al., 1988). They showed that 
the calculated values have poor agreement with those observed 
experimentally. Therefore, it has been realized that experimental 
determination of the ranges of energetic heavy ions in various media 
of interest is a matter of great importance. For example, it is 
possible to measure the rate of energy loss, total energy and 
velocity of a particle with sufficient accuracy. Then, since dE/dX 
in the given medium is a function only of the particle charge and 
velocity and the energy is a function of its mass and velocity, the 
nature of the particle may be precisely determined. 
The determination of the charge spectrum of the heavy nuclear 
content of the primary cosmic rays is one of the earliest fields of 
application of plastic detectors. The necessity to lift the detector 
above the bulk of the atmosphere which so effectively shields the 
earth from the cosmic rays, places severe constraints on the 
complexity of the detecting systems that can be used. Thus the 
dielectric detectors are particularly useful in these type of 
studies. The stacks of nuclear emulsions were used in the earliest 
studies of heavy primary cosmic rays (Fowler et al., 1967; 1970). 
However, these have now been largely superseded by plastic track 
detectors. In the studies of ultra-heavy cosmic rays, where very 
large detector areas are to be used, these detectors have 
demonstrated their utility. 
2.4.3 Radiation dosimetry 
The solid state nuclear track detectors have been widely used 
for the measurement of the amount of radiation which basically 
determines the dose of ionizing radiation absorbed by a body or some 
parameters in correspondence to the absorbed dose. For an ideal 
dosimetry system, especially a personal dosimeter, it should be 
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robust, simple, cheap and easily available. Having all these 
properties the SSNTDs are finding increasing application in 
radiation dosimetry. Radiations usually encountered in dosimetry are 
a-particles and heavy ions which have sufficiently high linear 
energy transfer (LET, the energy lost by particle per unit path 
length) to be detected by dielectric track detectors directly. 
Neutrons and energetic pions can also be recorded by generating high 
LET secondary radiations in passing through matter. Neutrons, being 
electrically neutral, are detected through their nuclear reaction 
products (Walker et al., 1963). Detection of thermal neutrons 
235 
usually utilizes U which undergoes fission by thermal neutrons. 
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With a thick foil of almost pure U and fission fragment detector 
like Lexan policarbonate, thermal neutrons dose upto 0.1 mSv 
4 -2 (equivalent to a thermal neutron fluence of 10 cm ) can be 
practically measured (Durrani and Bull, 1987). At higher energies, 
neutrons transfer significant amount of energy and, therefore, their 
relative biological effectiveness (RBE, expressed as quality factor) 
are also high. By the use of a simple dielectric track detector, it 
is not possible to obtain information about the neutron energy but a 
measure of total dose equivalent can be obtained. To determinate and 
record a wide range of neutron energy, a two detector assembly 
incorporated with natural and enriched uranium was desired (Tatsuta 
and Bingo, 1970). In the devices using fission foils, the major 
disadvantage is their inherent radioactivity which can deliver a 
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significant dose to the persons who wear it. The unique features of 
solid state nuclear track detectors used for neutron dosimetry are 
i) Insensitivity to background effects due to [3, X, and 
j^-radiations. 
ii) These detectors record tracks permanently and without 
environmental effects, 
iii) These have no requirement of immediate retrieval and 
processing, 
iv) Non-requirement of an electronic counting equipment for 
evaluation, 
v) Wide range of doses can be studied, 
vi) Non-requirement of dark room condition for the development 
and fixing of the latent image as in the case of nuclear 
emulsion. 
Alpha dosimetry using SSNTDs is simple as compared to neutron 
dosimetry because alpha particles can form etchable tracks in the 
detector directly. However, the range of alpha particle energies 
over which this will leave tracks in detector is limited by 
threshold rate of energy loss above which tracks are formed. Radon 
gas and air-borne radon progeny may be the naturally occurring 
hazardous alpha particle sources. SSNTDs are widely used throughout 
the world for various measurements related to radon and its progeny 
dosimetry. 
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2.4.4 Geochronology and archaeology 
238 
As fission fragments from the spontaneous break-up of U are 
capable of registering chemically etchable tracks in most of the 
rock forming minerals and uranium is a fairly ubiquitous trace 
-3 
element at the ~ 1 \ig/g to 10 pg/g (1 ppm to 1 ppb) level in 
geological materials, it opens up the possibility of a widely 
adopted technique of dating of rocks (Price and Walker, 1962c}. 
Naturally occurring crystals, glasses and rocks are found to have 
recorded tracks in them. Being insensitive to light charged 
particles and ionizing radiations produced in 0( or {i decay, these 
internal tracks should be entirely due to either fission or recoil 
nuclei (Fleischer et al., 1975). The natural tracks originated from 
235 232 the spontaneous fission of natural heavy radionuclides ( U, Th, 
Bi, Pb, etc) and fission of heavy elements induced by cosmic rays 
and spallation caused by cosmic ray secondaries etc. can be 
identified. 
The density of the 'natural' damaged track trail, is given by 
p = k.c. Age 
where c is the uranium content of the sample; Age, the age of the 
sample and k, a constant which is the function of the geometry of 
the surface analysed and of the range of the fission fragments in 
the material. Therefore, the 'age' of the sample can be determined 
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by comparing the induced track density. Of various radiometric 
238 
dating, the fission dating is conceptually simple. U, the major 
isotope in natural uranium, decays by spontaneous fission at a rate 
— 1 6 
of ~ 10 per year. Therefore, a mere estimation of the fraction of 
the uranium atoms that have fissioned within the sample can give an 
estimation of its age. The technique of fission track dating has 
been extended to investigate ocean bottom spread, the continental 
drift and dating of geological, archaeological and cosmological 
238 
samples (Fleischer. 1975). In place of U content, it is more 
238 
convenient to measure the U content of the sample and considering 
235 238 
the abundance ratio of U to U constant (as is almost the 
238 
case), the determination of U content by fast neutron fission is 
232 
avoided as these neutrons would also produce fission in the Th 
content of the sample. Extremely interesting informations regarding 
the man period and the history of seafaring near the Greek Main bond 
have been obtained through the track studies of natural 'Roman 
Glasses' and the "Franchtic cave' obsidians (Durrani et al., 1971). 
2.4.5 Biological applications 
SSNTDs are extensively used in biological applications 
(Durrani, 1982) e.g. inhalation of a-active aerosols, filtration of 
malignant cells by microporous filters and the measurement of 
environmental a-emitters (used in radiation dosimetry). Recently, 
main interest has been taken in the radiological consequences of the 
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inhalation of a-active particles and their deposition in lung 
through tobacco smoke or in the atmosphere of uranium mines. Track 
detectors have been used in the radiobiology. Track registration 
technique has been employed for mapping the locations of plutonium 
concentrations in living matter. 
Nuclear Track Filters (NTFs) have been used in various fields 
including microbiology, virology, medical science, aerosol science 
and food processing (Fleischer et al., 1975). NTFs made out of many 
plastic detectors using normally incident heavy energetic ions are 
reported in the literature (Fischer and sphor, 1983; Chakarvati et 
al., 1986). For this purpose a thin detector material is irradiated 
to a collimated beam of ions that produce tracks across the entire 
thickness of the sheet and one then etches to produce holes that 
perforate the membrane or filter. The hole diameters can be 
controlled by specifying the etching conditions and time, and the 
density of holes is controlled by incident ion dose. Holes with 
diameters ranging from 50 A onwards can be produced in mica and 
various plastic materials. Etched track filters have proved useful 
in environmental studies of particulates in the atmosphere and 
oceans. 
2.5 TRACK FORMATION MECHANISMS 
2.5.1 Theory of track formation 
The track formation or production means the processe by which 
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the charged particle alters the solid along its path to produce 
damaged trail. Ionizing particles passing through dielectric 
materials create intense trails of damage on atomic scale. The 
damage produced by irradiation of solids depend upon the intrinsic 
properties of incident particles like mass, charge, velocity and the 
composition of the material of the detector itself. Particle tracks 
are formed in many insulating materials and some semiconductors. 
The charged particle latent tracks in solids are narrow (<50 A 
radius), stable and chemically reactive centres of strain that are 
composed mostly of displaced atoms rather than electronic defects 
(Fleischer et al. 1975). The heavy ion deposits energy while slowing 
down in a solid and it is very important in understanding the track 
formation mechanism. The track registration property of the detector 
depends upon the sensitivity of material. Solids with resistivity 
3 
more than 2x10 ohm.cm generally store tracks. 
Different type of materials have different critical rates of 
energy loss for track formation (Fleischer et al. 1964; 1965b). In 
plastics, ionizing radiations directly produce ionized and excited 
molecules and electrons. Some excited molecules may de-excite 
through the emission of radiation or through non-radiative 
transitions. Excitation energy can also be transferred from one 
molecule to another. Electrons are trapped at various sites or can 
combine with molecules to form negative ions or recombine with 
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positive ions yielding excited molecules. Both ions and excited 
molecules may acquire considerable vibrational energy and undergo 
bond rupture to form a complex array of stable molecules, free 
radicals and radical ions. 
In case of inorganic crystals, the effect of radiation upon the 
material is to produce ionization and excitation of atoms or 
molecules. Electrons are raised across the forbidden energy band. 
Some of these may return to the valence band via luminescence 
centres with the emission of radiation, while others after diffusing 
through the crystal will either be trapped at the sites of various 
imperfections or will return via non-radiative transitions to 
positive ions. Low energy heavy ions will produce numerous atomic 
displacements directly through elastic collisions. Electron 
irradiation can also cause direct atomic displacements. An electron 
of rest mass m and having kinetic energy E can transfer a maximum 
o 
energy E to an atom of mass M given by 
max 
2(E + m c^)E 
E = ~° (2.5.1) 
max. „ 2 M c 
For example, an electron of energy 1 MeV can transfer energy upto 
100 eV to a silicon atom, whereas only ~ 25-30 eV is required to 
produce displaced atoms. The number of atomic displacements produced 
by electrons can exceed the levels as expected from direct 
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collisions between electrons and atomic nuclei (Varley, 1954). When 
a fast moving atom of atomic number z traverses the solid its 
orbital electrons interact with the electrons of the atom of which 
the solid is made off. The result of these interactions is that the 
moving atom would rapidly become an ion by being stripped of all or 
some of its orbital electrons. Therefore, the ion acquires a net 
positive charge z which can be empirically expressed (Heckmann et 
al., 1960) as 
• 2 / 3 
z = z l l - e x p . ( - 130f3/z 1 ( 2 . 5 . 2 ) 
Where (3 (= v/c) is the speed of ion relative to the velocity of 
* 
light. At high velocities where z = z, the dominant interaction is 
due to the coulomb force between the ion and the electrons attached 
to the atoms within the solid. As a result of this interaction two 
effects occur: 
i) To excite electrons to higher energy levels (excitation) 
ii) To loose electrons from their atoms which can be stripped out 
of the atoms (ionization). 
The ejected out electrons in atoms are called delta rays and 
can produce further excitation and ionization if they carry enough 
energy. Generally in inorganic solids primary ionization is dominant 
source of the track damage. The primary ionization occurs close to 
the path of the ion, while the secondary ionization and excitation 
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is spread over large radial distances from the core of the track, 
hence the effects of delta rays are unimportant. When the ion slows 
down in passing through solid, it eventually regains orbital 
electrons one by one as its velocity becomes comparable with the 
orbital velocity of less and less tightly bound electrons. At lower 
velocities (less than 50 KeV/amu), the atomic collisions become more 
dominant mode of energy loss. However, in organic polymers primary 
ionization as well as secondary ionization (delta rays) contribute 
to the formation of tracks. 
2.5.2 Track formation mechanism models 
To account for the track production and other characteristics 
of the track formation, different models have been proposed. Out of 
those some successful models are : 
i) Thermal spike model 
ii) Displacement spike model 
iii) Ion explosion spike model 
iv) Restricted energy loss model 
i) Thermal spike model 
According to this model charged particle first gives energy to 
the electrons of the solid then it is transferred to the atom by 
electron phonon collisions, causing thermal motion. Due to this the 
incident energetic particle dislocates the crystal lattice and 
produces strong heating in the part of the solid that is traversed 
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by the particle. This region is, therefore, raised to a high 
temperature and then cools rapidly via heat conduction to the 
surrounding materials. If the temperature is sufficiently high, it 
can cause permanent alterations thus producing tracks (Chadderton et 
al., 1963; 1966). This model failed to relate the sensitivities of 
different materials in any regular manner with a known melting, 
softening or transformation temperature of detectors (Fleischer and 
Price, 1964) and also could not distinguish satisfactorily among the 
materials in which tracks could be formed and those in which the 
tracks could not be formed. 
ii) Displacement spike model 
According to this model particle alters the solid along the 
path by displacing atoms in the particle nuclei collisions. But this 
model could not explain why the tracks were not formed in metals and 
hence it was rejected. According to it tracks should be more 
prevalent near the end of the range of energetic particles. It is 
due to the fact that the loss of energy by particle-nuclei 
collisions becomes more efficient as the velocity of particle 
decreases. 
iii) Ion explosion spike model 
Fleischer et al. (1965c) proposed a semi-quantitative model for 
track formation known as the 'Ion Explision Spike Model*. This model 
is based on the postulate that a heavily ionizing particle leaves a 
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narrow region of high density positive charages and thus energy is 
first lost to the electrons of the atoms along its trajectory. As 
the time for electron positive ion recombination is longer compared 
— 13 
with the lattice vibration time (~ 10 second), mutual repulsion 
can drive these ions into interstitial positions. Subsequently, the 
neutralization of the positive ions and relaxation of the 
surrounding lattice into the disrupted region take place and lattice 
strains are set up around the track core. The track formation in 
case of inorganic solid is explained as shown in figure 2.1. The 
incoming ion first knocks out electrons from the atom in its way, 
thus creating an unstable array of adjacent positive ions. Then the 
positive ions repel and thrust one another away from their normal 
sites into the interstitial positions in the crystal lattice, thus 
creating vacant lattice sites due to their coulomb repulsive forces. 
In case of organic polymers or plastics the atoms are arranged 
in a chain like structure. The excited atoms produced by the 
incident charged particle lead to the breaking up of long molecular 
chains of the polymers. These broken molecular chains rarely reunite 
at the same place, rather they produce broken bonds and free 
radicals etc. Thus the paths of broken molecular chains are 
chemically more reactive (Figure 2.2). 
According to the ion explosion spike model the quantitative 
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Figure 2.1 : (a) The incident heavy ion produces primary 
ionization along its trajectory. Thus leaving 
an unstable array of +ve ions (b) the +ve ions 
so created repel and knock each other from 
their normal sites and move into the 
interstitial space in the crystal lattice 
causing electrostatically stressed region (c) 
the stressed region relaxes elastically and 
propagates the strain in side-ways. 
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Figure 2.2 : Track formati on in organic polymers (Plastics) 
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criteria for the requirement of track formation are as follows : 
(i) For track to be formed the coulomb repulsive forces within the 
ionized region must be greater than the lattice binding forces i.e. 
the 'electrostatic stress' must be greater than the 'mechanical 
strength' of the material. If two atoms have received an average 
ionization of n unit charge e and are separated by a distance 'a ' 
o 
the force between them and the electrostatic stress are 
2 2 2 2 
n e n e and ~ ~ respectively 
4 i T £ £ r a 4 n £ £ a 
o o o o 
where £ is the dielectrtic constant for the material, £ is the 
o 
permittivity of free space. 
The total mechanical strength in terms of macroscopically 
measurable quantities can be obtained by equating it with mechanical 
tensile strength. According to Fleischer et al. (1975) the bonding 
force of the lattice (mechanical strength of the material) may be 
taken as Y/10 (= 0.1 Y) as a working approximation where Y is 
Young's modulus of the material. Thus the criterion for track 
formation may be expressed as 
2 2 
n e 
T > o.l Y 
4 TT £ £ a 
o o 
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or 4 
4 n £ e a Y 
2 0__0 /Q C Q^ 
n > = s (2.5.3; 
2 
10 e 
where s is called the stress ratio (Fleischer et al., 1965c) of the 
material and is a measure of relative sensitivity of various track 
recording materials. This stress ratio shows a fairly good 
correlation with the sensitivity of track recording materials. The 
relation (2.5.3) indicates that the materials having smaller value 
of s should have smaller values of mechanical strength Y, dielectric 
constant '£' and lattice spacing 'a ' for being sensitive. For 
o 
polymers the ratio is s " 0.01 whereas for inorganic crystals it is 
" 1. Therefore, plastics are more sensitive than inorganic crystals. 
(ii) Secondly it shows that the track can be formed only if the 
electrons can not drain into the region from which the positive ions 
have been displaced by repulsion in less than one vibration time 
-13 i.e. 10 second. If the positive ion core is to survive long 
-13 
enough (> 10 second) for a track to form, the free electron 
density must be low. If the density of free electrons is n , then 
e n 
"f * 
TT a p k T t 
o e 
where ji is the electron mobility, T is the absolute temperature, k 
e 
is the Boltzmann's constant and t is the diffusion time for 
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electrons i.e. lattice vibration time. This condition is satisfied 
by insulators and poor semiconductors but not by metals and explains 
that tracks will be formed in the insulators and semiconductors but 
not in metals. 
(iii) The third condition for latent track formation is that the 
hole mobility should not be too high in order to avoid recombination 
of ionised atoms and electrons to get neutralised. The tracks will 
not be formed in those materials in which hole mobility is greater 
2 
than 10 cm /V sec. In semiconductors and metals the hole mobility 
is too high at room temperature. Therefore, only insulators satisfy 
the condition for the track formation. 
(iv) The fourth condition is that there must be at least one 
ionization event per atomic plane i.e. the damaged region by the 
incoming particle must be continuous to the atomic extent along the 
trajectory of charged particle for the most successful track 
revelation. Thus, the ion explosion spike model predicts the 
sensitivities of various track recording materials and accounts for 
the inability of metals and good semiconductors for revelation of 
tracks. 
2.6 CRITERIA FOR TRACK REGISTRATION 
Track formation validity of various models may be judged by 
critical appraisal of parameters such as charge, mass, and energy of 
such incident particles those are able to form etchable tracks. 
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Track formation can also be related to the total energy loss rate, 
primary ionization, restricted energy loss etc. of the ionizing 
particle. According to track formation criteria, considering these 
parameters, it was stated that tracks are formed in a medium when 
and only when, the chosen parameter exceeds some critical value, 
whatever be the bombarding particle. For example, the alpha particle 
can produce an etchable track in cellulose nitrate, cellulose 
acetate and polycarbonate plastics but not in polythene plastics 
like melinex, hostaphan, myler and terphan while the fission 
fragments are able to record tracks in these plastics. The relevance 
for the formation of track criterion is in the identification of 
ionising particle. 
2.6.1 Total energy loss rate criterion 
Fleischer et al. in 1967 proposed the dependence of total 
amount of energy deposited per unit path length on the track 
formation. It was suggested that in solids, only those particle will 
register the tracks which have a total rate of energy loss more than 
a critical value (dE/dX) .^  needed by that solid. This quantity 
crIt. 
was considered to be the characteristic of the solid material. 
Fleischer et al.(1967) calculated the value of (dE/dX) and 
plotted as a function of energy per nucleon for various heavy ions 
in the detectors viz. muscovite mica, lexan polycarbonate and 
cellulose nitrate. The data were consistent with the hypothesis that 
1C 
for each solid there exists a critical rate of energy loss 
(dE/dX) such that particles losing energy more rapidly than 
crit. 
this critical value produce continuous tracks with unit efficiency. 
The particles, depositing appreciably less energy per unit length 
can not produce tracks. 
The main shortcoming of this criterion is that it completely 
neglects the primary ionization for the track formation. 
2.6.2 Primary ionization criterion 
Fleischer et al. (1967) suggest that the results on track 
registration measurements are inconsistent with total energy loss 
rate dE/dX criterion. Using the total energy loss rate criterion, 
they predicted the minimum detectable charge of 70 for relativistic 
ions in lexan. But experimentally it was found that relativistic 
ions of charge 57 ± 2 can produce etchable tracks in it. It is also 
known that the tracks are registered in all three solids Cmuscovite 
mica, lexan polycarbonate and cellulose nitrate) at energy loss 
rates below the predicted threshold and the relativistic iron nuclei 
should not form tracks in cellulose nitrate. All these descriptions 
led to the formation of a new criterion for track registration. 
Ion explosion spike model predicts that a quantity somewhat 
different from dE/dX should determine the presence or absence of 
tracks viz. the number of ions formed per unit distance along the 
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particle path. This quantity, called dJ/dX, is the primary specific 
ionization given by Bethe (1930) as 
^"^ • ^ 9 2 2 2 2 
= ( a z / I [3 ) [ In (2 m c (3 / ( I - fl ) I ) - [3 + 3 . 0 4 ] 
o ' o dX 
* „ 
Where z is the effective charge of the ionizing particle, |3 is the 
ratio of its velocity to c, the velocity of light, m is the electron 
mass, I is the ionization energy of the outer electron of the 
o 
material atoms and a. is the constant that depends on the material. 
Solid can record an etchable track only if the linear ion 
density produced by the primary palrticle along the trajectory is 
greater than a critical value for that material. This model also 
explains that a solid would register a track if the rate of primary 
ionization (dJ/dX) is greater than a critical rate of primary 
ionization i.e. (dJ/dX) .^  which is a characteristic of the 
crit. 
material. It was concluded (Fleischer et al., 1967) that for each 
solid it is possible to select a critical value of the primary 
specific ionization above which tracks are formed and below which 
there is no preferential etching for track formation in that solid. 
The secondary ionization produced by delta rays occurs almost 
along the side of the trajectory and according to the ion explosion 
spike model, is largely irrelevant to its formation. This view is 
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opposite to the view of Pfohl et al. (1965) and Benton and Nix 
(1969), according to which the low energy delta rays play a vital 
role in track formation mechanism in polymers. According to the ion 
explosion spike model it is expected that only the number and not 
the energy of the removed electron is of great importance as long as 
the electrons receive enough energy to separate them out of the 
track region. 
The main objectives to critical primary ionization criterion, 
are : 
(i) The absolute values of (dJ/dX) .^  are not known because the 
crit. 
values of dimensionless constants of stopping materials as 
used by Fleischer et al. (1967) are strictly true for 
hydrogen, 
(ii) The effect of secondary ionization of delta rays has been 
neglected, 
(iii) 2 eV energy utilized as the ionization energy of the outer 
electron of the atoms in plastics appears to be inconsistent 
ith the ion explosion spike mechanism which requires 
ejection of electron from the track region. Generally, 2 eV 
energy is not sufficient to ionize the atom but it may be 
enough to break a chemical bond. Bovey (1958) suggested that 
for ionization, a higher value of 9 - 15 eV is required. 
Therefore, this criterion is not found to be suitable for 
track registration. 
2.6.3 Critical restricted energy loss rate criterion 
Benton and Nix in 1969 proposed a new track formation criterion 
for plastic track detectors known as 'Restricted Energy Loss' 
criterion. In view of the objections to primary ionization criterion 
they incorporated the secondary ionization and excitations produced 
by the low energy recoil electrons (low energy delta rays). 
According to this criterion the total energy deposited per unit 
track volume by the incident charged particles determines the 
chemical reactivity of the latent trail region. It was predicted 
that a relativistic heavy ion having high energy produced delta rays 
along the particle trajectory. These delta rays having several MeV 
of energy tend to be scattered and deposit their energy at a 
considerable distance (on atomic scale) from the path of heavy ion. 
In case of plastics (generally 100 m^ thick), these energetic delta 
rays and most of their accompanying energy are lost from the 
detector and, therefore, it is not considered in track formation. 
Thus, the total rate of energy loss (dE/dX) of a charged particle 
can not be used as criterion for track registration. This leads to 
the invalidity of the criterion of total energy loss rate (dE/dX) 
for track formation. 
The restricted energy loss rate criterion in addition to the 
primary ionization, considers that the secondary electrons having 
the energy w less than a predetermined value w , contribute to the 
o 
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track formation. If the energy density is greater than the mininum 
value depending upon the nature of the detector, then only a 
particle can register an etchable track in the detector. 
For calculating the value of (dE/dX) (Benton and Nix, 
w <w 
o 
1969) used the relation, 
dE 
* 2 2 2 2 2 2 2 2 ( ) = [2 IT n ( z ) r m c /f3 ] . l l n ( 2 m c [3 r w / I ^ . ) 
^„ w<w o o ' o o a d j . dX o 
- {? - 2 ( c / z ) - 61 ( 2 . 6 . 1 ) 
where z is the effective charge of the ionizing particle; n is the 
2 2 density of electrons in the detector; r (=e /m c ) is the classical 
o o 
2 -1/2 
electron radius; r = (l-f3 ) ; I ^. is the mean excitation 
adj. 
potential of the material; c/z is the tight binding shell 
correlation and 6 is the correction for the density effect. 
The tracks are formed only if the restricted energy loss (RED 
rate, (d£/dX) as given by eq. (2.6.1) is greater than a minimum 
value I(dE/dX) 1 .^  depending upon the detector. Therefore, w<w crit. *• o f 
o 
according to this model the condition for track registration takes 
the form (RED > (RED for the material. The restricted energy 
loss model gives the value of KdE/dX) ] in absolute units 
w<w crit. 
o 
unlike the primary ionization model where KdJ/dX) ] does 
w<w crit. 
o 
not give any absolute value. 
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2.6.4 Critical dose of ionization energy criterion 
A new criterion for track formation in solid state nuclear 
track detectors was proposed by Katz and Kobetich in 1968. According 
to this criterion, at higher energies the principle mode of energy 
loss is ionization and the tracks are formed through the deposition 
of energy of secondary electrons along the particle trajectory. They 
also suggested that tracks in the detector are produced when the 
critical dose (D .^  ) of ionization energy is deposited by 
crit. 
secondary electrons at a critical distance (R .. ) from the 
crxt. 
particle's path. The special distribution of ionization energy in 
the vicinity of the incident particle trajectory is a function of 
particle energy and the energy of secondary electrons. The range 
energy relation indicates the existence of a critical dose (D .. ) 
crit. 
to be deposited at a critical distance (R .^  ) from ****} imrt i^'°'° 
Crit. -a^m^^^mm^ 
trajectory, only above which the tracks will be f 
2.6.5 Radius restricted energy loss criterion 
The Radius Resitricted Energy Loss (RREL) criterio! 
modified form of Restricted Energy Loss (RED criterion. It includes 
the energy deposited in all the events occuring within the radius r 
of the particle trajectory. RREL criterion gives central importance 
to the region near the track whereas REL neglects the ionization 
events close to the track and gives primary importance to the 
limiting energy w . An approximate representation of RREL is given 
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by Paretzke (1977) as 
» 2 
d£ a z R r 
RREL = - [In - (1 - )1 (2.6.2) 
dX 2 r R 
where R is the maximum track width and a is a constant for the given 
detector medium. The radial distance r from the particle trajectory 
is the adjustable parameter in this criterion. 
A parameter called Lineal Event Density (LED) is also described 
by Paretzke. This is the number of primary and secondary ionization 
and excitation events within a radial distance r from the particle 
trajectory. Although it is difficult to calculate, the'quantity can 
provide an accurate representation of track formation process. 
The overall conclusion that can be drawn from the criterion of 
all the models and mechanism of track formation by ions of different 
energies is that tracks are formed by ions at energies for which 
electronic interactions are the dominant mode of energy loss. 
Etchable trail is usually not produced at the very end of the ion 
trajectory where nuclear interactions are prominent and become 
important. 
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2.7 METHODOLOGY OF TRACK REVELATION, VISUALIZATION AND THEIR 
EVALUATION 
2.7.1 Track revelation 
The fixing and enlarging the image of the latent damage trail 
formed in SSNTD is known as track revelation. Preferential chemical 
etching, electrochemical etching, grafting and dyeing and track 
decoration or precipitation are some common techniques for track 
revelation in SSNTDs. 
i) Preferential chemical etching 
For track revelation preferential chemical etching is the most 
general and widely used method in which a rapid dissolution of the 
damaged region of the trail cone takes place as compared with the 
bulk material. This technique is the simplest one. The method was 
first used by Young (1958) for revelation of the fission fragment 
tracks in lithium fluoride (LiF). The choice of etching solution, 
the temperature of the etchant and the time of etching are the 
critical parameters which must be taken into consideration during 
etching process. Etching solution should be selected such that the 
tracks with very small angles are produced (etching efficiency 
should be maximum) and surface of the detector remains optically 
transparent. Since the tracks should be enlarged enough to be seen 
under optical microscope, bulk chemical attack is must. Chemical 
polishes which tend to round corners are not suitable since they 
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will obscure etched tracks. Oxidising agents are found to be 
suitable etchants for a number of polymers because they result in 
required degradation i.e. breaking down of polymer chains at random 
along their paths. The change in concentration of the etching 
solution also results in different responses for various type of 
polymers. The temperature is most important parameter for etching. 
For plastics, the most frequently used etchant is the aqueous 
solution of NaOH or KOH with concentrations typically within the 
range 1 to 12N. During etching, the temperatures of etchant usually 
employed are in the range 40 - 70 C. In general, addition of ethyl 
alcohol to the etchant reduces the threshold value of primary 
ionization at which tracks become etchable (Somogyi, 1977). However 
this treatment renders the plastic more brittle and in CR-39 it has 
been found to reduce the sensitivity of CR-39 (Somogyi and Hunyadi, 
1980) for track revelation. When lexan is etched in NaOH, the sodium 
salt of bisphenol-A anion is precipitated (Paretzke et al., 1973; 
Gruhn et al., 1980). The presence of high concentration of this etch 
product accumulated in etchant was found to increase the etching 
sensitivity of lexan (Peterson, 1970). Frank and Benton (1969) found 
that the bulk etch rate of Lexan in NaOH solution increased 
approximately as the square of the etchant normality. 
The nature of tracks formed in the detector material is 
generally characterized by the charge, mass and energy of the 
81 
incident particle and also depends on the environmental conditions 
at the time of irradiation and pre etching treatments. The shape of 
a track formed by a charged particle is governed by simultaneous 
actions of the etchant along the trajectory (damaged region produced 
by the particle in the detector medium) and on the bulk material. A 
schematic diagram of chemical etching of a charged particle in a 
SSNTD is shown in figure 2.3. 
For the measurement with high accuracy, long etch times are 
preferable and fine control of the etching temperature (within 
±0.1 C) is often necessary. For the reproducibility of results, the 
quality of etchant should be controlled carefully and fresh etchants 
should be replaced to avoid the build up of the etch products in 
etchants. To obtain effective etching, constant stirring during 
etching process and repeated cleaning steps can be adopted to 
prevent accumulation of etch product layers (Enge et al. 1975; Khan, 
1973). 
ii) Electrochemical etching 
The technique, electrochemical etching of enlarging the damaged 
trails to sizes, typically upto '" 200 \im, gives better application 
of tracks in the dielectric medium. This was first suggested by 
Tommasino (1970). In this technique, the irradiated sample is used 
to separate a cell into two halves containing a suitable etchant. A 
high electric field ("^  10-50 kV cm ) of high frequency i.e. 
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sinusoidal type is applied to the two platinum electrodes inserted 
in each half of the cell, containing the etchant. Usually, the 
frequencies in the range of several kHz to hundreds of kHz are 
employed. Although the theory of the electrical phenomena leading to 
the break down of the dielectric and the consequent formation of the 
etch spots is not fully resolved however, it is found that the 
conducting etchant begins to etch out a cone along the trajectory. 
Thus an etch pit would be formed along the damaged region by 
chemical etching. Then the field lines become concentrated at the 
cone tip and high electric fields are produced in the vicinity of 
etched track tips leading to sparks to form enlarged tracks. The 
optimum electrochemical etching (ECE) parameters, viz. electric 
field strength, frequency and etching conditions have been studied 
by many workers (Somogyi, 1977; Al-Najjar et al., 1979; Durrani and 
Al-Najjar, 1980). This method is widely applied to neutron, proton, 
alpha particle and fission fragment tracks revelation using plastic 
track detectors. 
iii) By track decoration 
The method of track decoration was successfully applied to 
fission tracks by Childs and Slifkin (1962a,b; 1963), in which they 
employed a combination of pulsed light and electric field to sweep 
photo electrons into the interior of the damage region of the single 
crystal. This method was used for visualation of latent tracks of 
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multipronged events from 1.5 GeV proton interactions, heavy primary 
cosmic ray particles and alpha particles from polonium. Relativistic 
C, N and O groups registered observable tracks with this method, but 
relativistic protons and alpha particles did not give developable 
tracks. This method was applied by Fleischer and Price (1963a) to 
decorate the tracks in a glass doped with silver using adequate heat 
treatment and electric field along the particle trajectory. 
2.7.2 Track visualization and evaluation 
Commonly used techniques for track visualization are : 
i) By electron microscope 
The damaged trails can be seen directly by an electron 
microscope in certain crystalline detector materials such as mica 
(Silk and Barnes, 1959). The visualization of track can be done 
either in diffraction contrast mode or thickness contrast mode. In 
the diffraction contrast mode the crystal planes of the detector are 
bent such that electrons get scattered out by the Bragg reflection 
image of the damaged regions which appear as black streaks. In the 
thickness contrast mode the irradiated sample detector is viewed 
under an electron microscope after the preliminary etching. This 
technique can be applied only to extremely thin (< 3000 A ) detector 
5 2 
samples with fairly high track density upto 10 tracks/cm . 
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ii) By optical microscope 
The optical microscope is the nost suitable equipment used for 
track visualization and counting the tracks in SSNTD having the 
5 2 
track density upto 10 tracks/cm . Tracks produced by preferential 
chemical etching are usually scanned by an optical microscope at 
different magnifications. For the purpose of obtaining track 
densities the microscope can be focussed on the surface of the 
detector where the intersection of the track with the surface is 
seen as dark circular spot. By little defocussing, one can also look 
into the depth of the track. For oblique incidence the track can be 
seen by changing the focus with the help of microscope and track 
length can be measured. To obtain the track density or total number 
of tracks, area of the detector surface is scanned using an eye 
piece equipped with a grid marked graticule. The calibration of the 
field of view can be done with the help of a stage micrometer glass 
slide to find out the scanned area. Counting of the tracks in each 
graticule can be done with the help of handtally counter. Track 
parameters such as track length, track diameter etc can be measured 
with the help of a micrometer eye piece. By optical microscope, 
2 5 2 
practical visual scanning limit lies between 10 -10 tracks/cm . 
This technique is not suitable when a detailed structural analysis 
of an individual etched channel is desired. 
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iii) By naked eye 
The technique was suggested by Fleischer et al. (1966b) known 
as the Aluminium backed plastic detector technique in this an opaque 
coating of aluminium is made one side of the thin detector. The 
thickness of the detector should be less than the expected length of 
the particle track. After irradiation, only the detector side is 
etched. Thus the etchant (hydroxide solution) dissolves the thin 
layer of aluminium along the track site and produce large holes in 
it. The holes are easily visible by naked eye. 
An alternative technique of detecting holes in thin plastic 
sheets was also developed by Cross and Tommasino (1967).This 
3 2 
technique can be used only upto 10 tracks/cm . Block et al. (1969) 
developed another technique in which ammonia gas was made to pass 
through the track channels from one side of the plastic track 
detector to form a replica of track pattern on a sensitized paper. 
2 
It is useful only for very low track densities viz. 1 track/cm . Dye 
technique (Khan, 1971) is also employable for track densities less 
2 
than 10 Trcks/cm . In this technique a dye is pressed through the 
etched track holes in a thin detector kept close on a blocking paper 
to leave the large spots on it which are easily visible to naked 
eye. 
iv) By gas flow or ionic measurement technique 
The method proposed by Fleischer and Price (1963a) is important 
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only for historical point of view. In this method an irradiated 
specimen of mica serves as a barrier between two halves of a cell 
containing HF solution and physical measurements such as gas flow or 
ionic permeability are done for the track counting through the 
irradiated specimen. The conductivity is measured for several 
specimens as a function of time and a reproducible curve can be 
obtained. 
v) By image analysis using electronic circuits 
The visual counting of etched tracks in SSNTDs by an optical 
microscope is time consuming. It becomes more tedius when whole area 
of the exposed track detector is to be scanned such as for absolute 
fission rate measurements (Azimi-Garakani and Williams, 1977). To 
overcome this problem, many laboratories have started image analysis 
using computer controlled electronic circuits. Khan and Durrani 
(1972) setup an electronic counting system and projection system of 
etched tracks in SSNTD. Quantimat-900. Magiscan-2, eitz T.A.S. and 
Reichert-Jung IBAS are commercially available for automatic images 
analysis. These scanning systems remove the tedius job of counting 
traditionally associated with the manual and occular measurements in 
SSNTDs by enhancing the speed of evaluation. These systems are 
fairly reliable within the limits given by the optical microscope. 
These systems require advanced and sophisticated fast computers and 
thus are very expensive. 
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2.8 PLASTIC TRACK DETECTORS 
Solid state nuclear track detectors have been extensively used 
for widespread applications in almost all branches of nuclear 
science and technology. It is gratifying to note that SSNTDs now 
occupy an essential and some times an unique place amongst the 
techniques and procedures deployed in scientific researches at the 
very frontiers of knowledge. Out of the SSNTDs the plastics in 
general are the most sensitive class of materials and are being used 
with great success to discover new cases of recently reported noble 
and extremely rare modes^ radioactive decay of heavy nuclides (with 
Z > 88) involving monoenergetic heavy ions. Now-a-days several types 
of plastic detectors are known which can record the tracks of 
charged particles upto relativistic range of heavy ions. 
Cellulose nitrate, cellulose acetate, cellulose triacetates, 
polycarbonates, polyethyelene terephthalates etc. of different kinds 
are some commonly used plastics. It was observed that CR-39 and 
cellulose nitrate plastics can even record the tracks of protons. 
Although the polycarbonates (Lexan, Makrofol etc) can not record the 
etchable tracks of protons, but are capable of recording the tracks 
of low energy alpha particles and all other heavy ions and fission 
fragments. Polyethylene terephthalate plastics such as Melinex-0 and 
Cronar do not record the tracks of alpha particles as well as 
protons but these are capable to record the etchable tracks of ions 
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heavier than B. These threshold characteristics of polyethylene 
terephthalate and polycarbonate are well understood and can be very 
usefully utilized for the detection of heavy ions as well as fission 
fragments without background tracks. As the polycarbonate track 
detectors such as Makrofol are insensitive to light charged particle 
X and y rays, they offer a very convenient way of detecting heavy 
ions in the study of composition of cosmic rays, heavy ion reactions 
and exploration of super heavy elements etc. (Fleischer et al., 
1975; Durrani et al., 1987). 
Different types of plastic detectors are available and each of 
them has unique characteristics for specific appl icationi^. The 
detectors used in the present investigations are described below. 
a. 8.1 CR-39 
Cartwright et al. (1978) were the first to introduce CR-39 
polyallyldiglycol carbonate as particle track detectors. CR stands 
for Columbia Resin. These detectors are found to have some unique 
properties determined by the chemical and physical structure of 
CR-39 polycarbonate. CR-39 is a polymer consisting of short 
polyallyl chains joined by links containing carbonate and diethylene 
glycol groups into a dense three dimensional network. At the 
branching point of this network two links consist of polyallyl 
chains and one consists of diethylene glycol bis allyl carbonate 
(Stejny, 1987). The molecular structure of CR-39 polycarbonate 
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'^2''l8°7' ' = 
0 
CH = CH - CH - 0 - C - 0 - CH - CH 
0 
CH = CH - CH - O - C - 0 - CH - CH 
0 
Diethylene glycol bis (ally! carbonate) 
The formation of network during polymerization is a special 
case of percolation process and can be modelled by a Monto Carlo 
simulation. The model predicts inhomogeneities in cross-linking 
density which could explain some anomalous etching behaviour of the 
detector. Polymerization of CR-39 is a transformation from the 
unsaturated tetrafunctional monomers to the saturated polymer. The 
process of the formation of a three dimensional network forms 
various closed zones which contain unused monomer molecules and 
characterize the residual unsaturation left in the polymer material. 
The structural inhomogeneities which are responsible for the 
non-uniformity and non-reproducibi1ity of etching response of CH-39 
polymer, is due to isolation of random trapping of unused monomers. 
To overcome these problems, curing, a process to ensure uniform 
polymerization, is required. Due to exothermic nature of the 
polymerization of CR-39 (Turner et al., 1981), specifically 
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controlled temperature time cycles which were derived assuming a 
constant rate of polymerization (Somogyi, 1981), were employed 
during polymerization. Fowler et al. (1979) introduced controlled 
'time - temperature' curing cycles for the fabrication of CR-39 
detectors. Before the polymerization is complete, the system enters 
a glassy state. The residual mobility in glassy state and presence 
of chemically reactive groups are responsible for physio-chemical 
aging of the polymer and the changes in the performance of CR-39 
with time. 
CR-39 has similarities with glass in its optical properties. It 
has absolute clarity and abrasion resistance similar to glass and 
o 
also environmentally very stable. It has sp.gr. 1.32 at 25 C and 
o 
refractive index 1.504 at 25 C and also has same light transmission 
as glass (92% for 0.25 thickness, Pershore Moulding's data sheet, PM 
-002). 
The high sensitivity of CR-39 to charged particles was 
discovered by Cartwright et al. (1978). Following this discovery 
Hayashi and Doke (1980) reported that their CR-39, made by Sola 
Optical, Japan using PPG monomer could record relativistic carbon 
nuclei (z/f3 = 6) in primary cosmic radiation. Now this plastic has 
been successfully applied to record nuclear charged particles of z/f3 
value from 6 to 100 (Manjoor et al. 1988). CR-39 is remarkably 
92 
sensitive to charged particles, even at relativistic velocities to 
heavy ions with z as low as 18 (Ar) and upto ~ 60 MeV in the case of 
ct-particles (Cartwright et al., 1978). For precise and sensitive 
applications on a large scale CR-39 polycarbonate has to be made 
highly sensitive with consistent and reproducible track recording 
characteristics. The sensitivity, resolution and optical properties 
of CR-39 are unrivalled among track recording solids. Even after 
dissolving 500 (im thickness by etching, the surface remains glassy 
smooth. Since the discovery of the unique sensitivity of CR-39 among 
the plastics to ionizing particles, intense efforts have been made 
to investigate its properties and to develope its practical 
applications in numerous fields. CR-39 is insensitive to y and 
X-rays and is sensitive to both light and heavy charged particles, 
it is widely used in heavy ion research for example composition of 
cosmic rays, heavy ion nuclear reactions, radiation dose due to 
heavy particles, explorations of extra heavy elements and magnetic 
monopoles etc (Durrani and Bull, 1987). It also has progressed to a 
leading position owing to its transparency to visible light and 
small value of critical losses. 
2.8.2 CR-39 CDOP) 
CR-39 (DOP) is a modified product of CR-39 manufactured by 
Pershore Molding (U.K.). The sensitivity of CR-39 might be affected 
by factors such as the purity of the monomer, the initiator 
concentration and the temperature during the polymerization (Fowler 
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et al., 1979; Price et al.. 1979; Price and O'Sullivan, 1981). The 
addition of small amounts of certain chemical additives to CR-39 
will affect changes in its sensitivity, response and surface etching 
properties, although the mechanisms underlying these changes have 
not been well understood.The optical and etching properties of CR-39 
can be improved by incorporating additives such as dioctyl phthalate 
(DOP) in the polymer (Price and O'Sullivan, 1981; Fujii and Yokota, 
1986). A heavy phthalic acid ester such as DOP acts as a plasticizer 
and that CR-39 with DOP has good etching properties. A plasticizer 
increases the free volume of a polymer, producing the polymer chains 
more mobile. A good plasticizer needs to be soluble in the 
monomer/polymer and should have sufficiently low molecular weight to 
increase the free volume without being low enough to diffuse out of 
the plastic (Portwood and Stejny, 1984). Some plasticizers have been 
used to decrease or completely eliminate the coaquesness of the post 
etched surfaces. Several phthalate esters commonly used in polymer 
technology as plasticizers have been tested in CR-39 plastic (Price 
and O'Sullivan, 1981). There could be either a decrease or increase 
in the sensitivity of CR-39 (DOP) compared with that of CR-39 (no 
additives) depending upon the concentration of additives (Anupam et 
al., 1991). It was also reported by Tarle (1981) that a heavy 
phthalic acid ester such as DBP or DOP acts as a plasticizer making 
a more homogeneous polymer and that CR-39 doped with DOP has better 
etching properties than CR-39. 
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The reduced sensitivity for CR-39 doped with DOP may be due to 
the presence of aromatic rings in DOP. Aromatic ring acts as an 
electron sink and hence will tend to decrease the sensitivity of the 
polymer to charged particles. After doping, a remarkable improvement 
in etching homogeneity and optical transparency of the post etch 
surface of detectors were observed even after using long etching 
periods. CR-39 polymer exhibits surface opaqueness after prolong 
etching in hot aqueous solution. CR-39 (DOP) polymer is free from 
this limiting property of CR-39. 
2.8.3 Makrofol polycarbonate 
Makrofol polycarbonates manufactured by a casting process into 
the form of thin sheets by Bayer AG of Leverkussen, Vest Germany, 
have same composition ^^tc^i^^i^ ^^ Lexan, a polycarbonate 
manufactured by General Electric Co. of USA. However these 
polycarbonates have different type of benaviour than Lexan 
polycarbonate. Different types of Makrofol polycarbonates such as 
Makrofol-KG, KL, E and N etc. produced by different manufacturing 
processes are expected to behave in different ways (Illari et al., 
1977). Out of these Makrofol-KL contains a slight amount of a colour 
dye while Makrofol-N is a trade name of yellow polycarbonate. 
Makrofol polycarbonate plastics (much useful as heavy ion as 
well as fission track detectors) were originally used as insulators 
in electrical devices. Makrofol-E and N are sensitive to particles 
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having z > 2 and z > 8 respectively (Todorovic, 1990). Makrofol KG, 
KL and N are not sensitive to oi-particles and other lighter charged 
particles. The shape of tracks produced by heavy ions and fission 
fragments are needle like with a slight spread towards its tail. 
During the last decade thin sheets of polycarbonates have been 
used to produce microfiIters and single pore membranes for their 
remarkable applications in the field of environmental (Fischer and 
Spohr, 1983 and references therein), bio-medical (Roggenkamp et al., 
1981) and superfluidity (Gamota, 1973). Makrofol polycarbonates also 
offer a very convenient way of detecting heavy ions in the study of 
composition of cosmic rays, heavy ion nuclear reactions and 
exploration of super heavy elements etc. because these are 
insensitive to light charged particles, X and j'-rays (Fleischer et 
al. 1975; Durrani et al., 1987). 
2.8.4 Lexan polycarbonate 
Lexan (bisphenol-A polycarbonate) has the chemical composition 
C,„H^^O„ and is manufactured by the General Electric Plastics Dept., lb 14 o 
Mt. Vernon, Indiana, USA. It has been the most widely used plastic 
for the detection of fission fragments as well as for particle 
identification, with a greater variety of etch pits having 
consequently been utilized. A charge resolution Az of 0.3 charge 
units and a mass resolution of ~ 2 amu in Lexan for cosmic rays in 
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the region of 12 < Z < 30 were obtained by Price et al. (1970). 
Paretzke et al. (1973) have examined the etching reaction of Lexan 
with NaOH and the reaction mechanism was found to be 
^ 3 0 
[— 0 S^  /; C (\ //-O C — ] + 4 OH 
I 
'3 
CH 3 
•> O' O C Cjj O" + (X)3^" - 2H2O 
CH3 
The bisphenol-A anion is released from the polymer chain. 
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BASICS OF ETCHED TRACK 
PARAMETERS AND METHODOLOGY 
FOR THEIR MEASUREMENTS 
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3.1 INTRODUCTION 
The most intense studies of tracks have been concentrated on 
track shape geometry. The information about the charge, energy and 
range of the ionizing particle is inherent in the well measurable 
parameters of the etched tracks. Easily measurable parameters of an 
etched track are the etched cone length 1 i.e. projected track 
P 
length onto the detector surface, the major and minor axes D and d 
of the etch pit openings and etching rates for bulk and track 
etching. It should also be noted that in some applications only the 
2 
track densities i.e. the fluence (number/cm ) of tracks are 
required. For such types of requirement it is necessary only to 
distinguish the tracks from the background tracks. But in most of 
the studies, however, parameters of the track producing particle 
such as the maximum etched track length, range, dip angle and the 
particle ionization rate must be known. 
Generally, a detector system will record signals which depend 
on particle properties such as relative velocity [1 = (v/c), rate of 
energy loss dE/dX in the detector medium or some combination of 
these properties. To obtain sufficient parameters to determine z and 
m, a detailed knowledge of track parameters is required. In order to 
compute these parameters from track feature, measurements can be 
made with an optical microscope. It was predicted (Somogyi and 
Szalay, 1973) that the tracks of nuclear particles of different 
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types and having different energy, registered in the same detector 
material, show a different behaviour in the course of the etching 
process. It has also been predicted that the properties of latent 
trails can be influenced in numerous ways and some environmental 
parameters playing a special role. 
From the information inherent in the well measurable parameters 
of the etched tracks, significant efforts have been made to reveal 
the fundamental and practical possibilities of nuclear particle 
identification. In 1967 a new opportunity was opened to identify the 
energetic heavy nuclei in cosmic rays (Price et al., 1967) using 
SSNTDs. The identification method was based on the measurements of 
track parameters. It was also predicted that the diameters of the 
etched tracks are specially sensitive to the parameters 
characteristic of the nuclear particles of a particular type and 
energy (Somogyi, 1966). The determination of the lengths and 
diameters of etch pits of tracks can be regarded as natural 
compliments of each other experimentally. The track diameter 
technique is useful in particular cases when track length 
measurements give less reliable results. 
In the present discussion about the geometry of heavy ion 
tracks in the isotropic solids such as plastic and glass, the bulk 
etch rate (V ) in the medium and track etch rate (V ) along the b T 
trajectory have been assumed to be constant. Some specific terms 
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like etch induction time, complete etching time, etchable range, 
critical angle, etching efficiency, activation energy, and 
sensitivity are discussed. 
3.2 BULK ETCH RATE 
The bulk etch rate is defined as the rate at which the 
undamaged material of the detector sample is etched out by an 
etching solution under appropriate etching conditions and is usually 
denoted by V . It is generally constant for a given material and for 
G 
a given etchant applied under a specific set of etching conditions, 
although in crystals it will often depend on the crystallographic 
orientation and in some polymers it may vary with depth below the 
original surface. It was also predicted that V remains constant by 
G 
pre-annealing provided the heating treatment is not much enough to 
produce basic changes (such as phase transformations) in the 
physical properties of the detector. 
Generally, the following techniques are employed for the 
measurement of bulk etch rate of the detector: 
i) Thickness measurement technique 
ii) Gravimetric technique 
iii) Track diameter technique 
iv) Simultaneous measurement of track diameter and etched track 
length technique 
v) Multiple beam interferometry technique 
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i) Thickness measurement technique 
For determining V_, direct thickness measurement after 
G 
successive etching is a quick and reliable method. For this the 
detector foil is thoroughly cleaned, washed and dried. The thickness 
of the detector is measured in the selected region. The detector is 
then etched under suitable etching conditions for a fixed interval 
of time and thickness is measured after successive etching 
intervals. All measurements of thickness after successive etching 
intervals are confined in selected region only. The difference 
between the pre and post etching thickness (Ax) gives etched out 
thickness in the given etching time from both the surfaces. Ax/2 
gives the thickness of the layer removed from single surface of the 
detector. 
Let X be the thickness of sample at a particular point before 
etching and x is thickness at the same point after etching time At. 
Then bulk etch rate is given by 
\ 
^ 1 - ^2^/2 
At 
Ax 
(3.2.1) 
2At 
A straight line can be obtained by plotting Ax/2 as a function of 
etching time t and the slope of the line gives the bulk etch rate 
107 
V_. Here it is assumed that the bulk etching characteristic is the G 
same for both the sides of the detector. In some cases this graph 
may not be a straight line which indicates a depth dependence of 
bulk etch rate V and it should be calculated at different depths 
G 
from different parts of the curve. 
ii) Gravimetric technique 
This technique is based on the measurement of the weight lost 
by a sample detector of known area after it is etched by the etchant 
under known etching conditions for a given period of time at a 
constant temperature. To calculate V , the mass of the sample foil 
G 
of SSNTD of known surface area S is determined before and after 
successive etching using a sensitive microbalance. Let AM be the 
dissolved mass in grams during the etching interval At min. then 
1 A M ^ 
V = X X 10 jim/min ( 3 . 2 . 2 ) 
2 S p A t 
3 
Where p is the density of the detector material in gm/cm and S is 
2 
the surface area in cm . A straight line may be obtained by plotting 
the mass of detector piece as a function of etching time. The 
absolute value of slope of this curve AM/At can be used to find the 
bulk etch rate V . This technique is more cumbersome and requires 
G 
frequent use of a semi-microbalance. 
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iii) Track diameter measurement technique 
In some plastic track detectors like Lexan, Makrofol etc., 
track length is very large compared to the diameter. In such cases 
where V /V is much larger, the track diameter measurement technique 
T G 
is applicable. If D is the track diameter in micro-meters obtained 
after etching the track detector for etching time t in seconds, then 
(Fleischer et al., 1975) 
D = 2 V^ t [(V - 1)/(V + 1)]^^^ (3.2.3) 
G 
where V = V^/V^. If V^ >> V^, V >> 1 then 
T G T G 
or D = 2 V^.t 
G 
V = 1/2 (D/t) nm/sec. (3.2.4) 
The equation (3.2.4) shows a linear relation between track diameter 
and etching time. Therefore, the slope of the plot of the track 
diameter D against etching time will be 2 V . Hence, the bulk etch 
G 
rate is determined by taking half of the slope (Fleischer et al., 
1975). Since the conditions V >> 1 is not satisfied in glasses, this 
technique is not aplicable for glasses. 
ivD Simultaneous measurement of track diameter and track length 
technique 
For the track geometry of particle entering normally, the 
expression (Fleischer et al, 1975) for bulk etch rate is given as 
Ifl^  
D D N (D/2)^ + 1^ 
V = [ + ] (3.2.5) 
^ 2 1 2 1 1 
Thus for normally entering ion, track diameter D and track length 1 
can be measured and V can be calculated using the above expression. 
G 
Due to the experimental difficulty in measuring the actual track 
length of normally entering particle, this technique is seldom used. 
v) Multiple beam interferometry technique 
This technique (Tolansky, 1948) is based on interference of 
light and is not affected by the error due to warping of thick 
sample sheets and swelling of the sheets by etching. It is more 
accurate than the other methods for small amounts of etching for 
transparent type of detectors (Fujii and Nishimura, 1984). In this 
technique a part of each sample (CR-39) is covered by epoxy resin to 
preserve the original sample thickness during etching. After the 
etching the epoxy resin can be peeled off. After that the sample may 
be coated with silver by vacuum deposition and placed under a half 
silvered mirror. A normally incident monochromatic light beam of 
wavelength A. produces sharp interference fringes after multiple 
reflections between the half silvered mirror and the coated surface 
(figure 3.1). 
Let separation of parallel fringes be A and a shear length B, 
at the edge of the etched surface, then from figure 3.1. 
C71 
C 
• H 
• P 
o 
o 
110 
> 1 
-p 
E 
0 
Q) 
U 
Q) 
-P 
C 
E (0 
0) 
a 
•w 
-p 
D 
E 
tj) 
C 
•H 
0 
s: 
(0 
u 
•H 
Q 
en 
D 
01 
I l l 
tan© = = (3.2.6) 
2 A B 
where 9 is the small angle between the sample and the half silvered 
mirror and x is the thickness of material removed by the etching. 
From the relation (3.2.6) we can get 
X. B 
X = (3.2.7) 
2 A 
And the bulk etch rate, V_ is given by 
V ^ = x / t (3.2.8) 
G 
where t is the etching time. 
3.3 TRACK ETCH RATE 
The track etch rate is defined as the rate at which the 
detector material is chemically dissolved along the damage trail of 
particle's trajectory and is denoted by V . It is also defined as 
the rate at which the tip of an etch cone moves along the latent 
track during etching process. The track etch rate is found to depend 
on the energy loss of the incoming particle and temperature and 
concentration of the etchant. Following techniques are generaiy 
employed for the measurement of the track etch rate: 
i) Track length measurement technique 
ii) Track diameter measurement technique 
iii) Simultaneous measurement technique of track diameter and 
etched track length 
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iD Track l e n g t h measurentent t echn ique 
In this technique a detector piece is irradiated by the ions at 
an angle less than 90 to the surface of the detector. For the 
tracks in plastics due to obliquely incident charged particle at 
known angle and having long range such as energetic heavy ion, the 
etched track length 1 can be expressed (Fleischer et al, 1975) as 
t 
1 = / V . dt (3.3.1) 
o 
or 
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V = (3.3.2) 
fit 
Where fil is the increase in track length for small etching time, fit. 
In this equation for 1, the corrected track length must be used 
which can be obtained after using the surface etching correction and 
over etching correction, if any, in the etched track length. 
A graph is plotted between actual track length and etching 
time. The track etch rate V can be obtained from the slope of 
linear portion of the curve. The linear portion is chosen because V 
is supposed to be almost constant in this region for smal1 etching 
intervals. 
For small etching interval At, if the increase in track length 
be AL, the track etch rate can be defined as 
Al 
V = (3.3.3) 
At 
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i i ) Track dian^ter measurement technique 
For this technique a detector piece is irradiated normal to the 
surface with known charged particle and the diameters of the tracks 
produced after successive etching intervals are measured. A graph is 
plotted between track diameter and etching time. The track etch rate 
V can be calculated from the slope of linear portion of the curve 
using the expression 
AD 
= 2 Vg [(V^ - Vg)/(V^ + V^)]^ (3.3.4) 
At 
With known value of V , V can be calculated. The linear portion is 
G T 
chosen because V is supposed to be constant in this region for 
small interval of etching time (Fleischer et al., 1975). 
iilD Simultaneous measurement technique of track diameter and etched 
track length 
This technique is suitable only when the irradiation is made 
normally on the surface of the detector (figure 3.2) 
From figure 3.2b we have from A AHC 
AC ^T • ^  
Cosec <p = = (AH = AF) 
AH V^ . t 
and from A IFC 
IC -/{(D/2)^ + 1^} 
Cosec ip = = —-
IF D/2 
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equating these two values of Cosec 4^ 
V 2 V{(D/2)^ + 1^} 
— - = (3.3.5) 
where D is the etched track diameter and '1' the etched track length 
for time t < t i.e. before rounding off the track ends (before 
c 
critical etching time). Since V is known, V can be calculated by 
G T 
measuring the values of 'D' and '1' of the track etch pit. 
3.4 ETCH INDUCTION TIME 
From the study on solid state nuclear track detectors 
concerning experimental measurements of track length and track 
diameter Vs etching time (Luck, 1975; Mc Kinley, 1978; Ruddy et al., 
1977) it was observed that only after a certain time from the 
beginning of the etching process, tracks become observable. The 
required etching time upto which the tracks become observable is 
known as etch induction time. An accurate evaluation of the etch 
induction time is necessary for the correct application of 
submicroscopic kinetic theory, particularly when applied to short 
etching times (Mazzei et al., 1986).Baroni and her co-workers (1973) 
reported an etch induction time of about 10 min in an etchant 
o 
temperature of 50 C for tracks of 3 MeV alpha particles in CA 80-15. 
Ruddy et al. (1977) also studied the induction time in the same (CA 
80-15) track detector material for the alpha particles of same 
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energy and reported an etch induction time of 107 min. at a 
o 
temperature of 30 C. The effect of etchant temperature on the etch 
induction time in CR-39 was also reported by Grabez et al. (1981) 
and they used this parameter to differentiate between different 
ionizing particles. The etch induction time increases with the 
decrease in the concentration and temperature of the etchant and can 
easily be measured. It was also postulated that there should be a 
relation of etch induction time to the projectile atomic number (z) 
and the specific energy (E/m), especially in the 2 < z < 8 region 
(Ruddy et al., 1977). 
The existence of the etch induction time may be due to a 
restricted energy loss (RED and track velocity (V ) decrease near 
the detector surface or to a variation of the chemical composition 
of the material. It can be understood by the fact that the effective 
charge on the particle (heavy ions) in the beginning, which is 
responsible for the ionization along the particle path, is 
insufficient to make one ionization per atomic plane. Therefore, the 
damage trail cannot be etched preferentially i.e. the V decreases 
too much that it can even become lower than the V in the region 
near the surface. Hence, it takes some time (induction time) for the 
chemical agents to reach the region in which V is greater than V 
T G 
and only then after V plays its role and the track comes into 
existence. 
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The existence of an induction time in CN was also reported by 
Luck (1975). He reported that the induction time remained constant 
even when the etchant was mechanically or ultrasonically shaken 
during the etching and no any incubation period was < observed when 
the samples were pre-etched. He observed a slight variation in the 
induction time of different sheets of the same material. Schwenck et 
al. (1984) also agreed with the existence of a surface crust in 
which no track etching occurs and that the induction time is rather 
a detector property than related to the registered ion. They 
observed that the induction time can be supressed when a precise pre 
etching is applied. The existence of an induction time in Makrofol 
was also reported by some investigators (Monnin, 1969; Maurya et al, 
1979) and was found that the induction time for Makrofol irradiated 
with fission fragments and etched in 6N NaOH at 55 C was about 
6 min. They also observed that detectors (Daicel, CR-39, LR-115 and 
Lexan) irradiated and etched in the same way showed the same 
induction time suggesting that the induction time must be a property 
of the particle. 
As almost all of the work reported on tracks are analysed by 
means of optical microscopy, it is not possible to analyze tracks 
with sizes lesser than the limit of the resolving power of the 
microscope. Therefore, the existence of the induction time and its 
evaluation are Jeopardized by the experimental limitations. 
lis 
Induction time can be reduced if a better resolution is achieved. 
The resolving power of the optical microscope is about 0.5 [im while 
the elctron microscope can resolve the tracks up to 0.001 jim. 
3.5 MAXIMUM ETCHABLE TRACK LENGTH OR ETCHABLE RANGE 
The maximum etchable track length is the true track length of 
the etched track which is defined as the length from the original 
surface to the terminal end point of the track where V is equal to 
V . In chemical etching process it is difficult to etch the tracks 
G 
just to the end of the particle trajectory. It is because the 
observations of etched tracks are made after suitable intervals of 
etching time. 
The track ends are seen to remain pointed for some etching time 
and then they become rounded off. When a little over etching has 
been done beyond the complete etching time t = t , the situation 
c 
will become as shown in figure 3.3. The value of maximum etchable 
track length L of the particle track can be obtained using the 
expression (Dwivedi and Mukherji, 1979b) 
1 V^.t 
P G 
L = + - V ^ ( t - t ) (3.5.1) 
c 
(3.5.2) 
where A and A are surface and over etching corrections; t, the 
s o 
 
p 
Cos e 
1 
+ 
+ 
^ - ' 
Sin e 
A 
s 
- ^ G ^ ^ 
A 
o 
time period of etching; t , the complete etching time; 1 the 
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4) = VQ (t-tc) 
L = ip/cos e + Ag - A^ 
Figure 3.3 : Showing overetching and surface etching 
corrections for etched tracks. 
in 
projected track length; 1, the observed track length obtained from 
the projected track length. For the measurement of projected track 
lengths all the tracks are measured by noting the distance between 
the centre of the ellipse on the surface of the foil to the tip of 
the track inside the foil. Etchable track lengths should be measured 
at random all over the detector surface to average out the effects 
due to non uniformity of the detectors. 
The maximum etched track length can be regarded as the range of 
heavy ion in the detector material, if the critical stopping power 
is small. The essential difference between track length and range 
was explained (Fleischer et al., 1964; 1965) on the fact that if the 
stopping power of a heavy ion in a given SSNTD is less than the 
critical stopping power (dE/dX) for that SSNTD material, then no 
c 
track is produced, even if the heavy ion possesses considerable 
kinetic energy. Therefore, the track length in a given detector 
material is just that part of the range of the heavy ion over which 
the actual stopping power of the ion remains above (dE/dX) for the 
c 
detector material. The difference between the range and the maximum 
etchable track length increases with increasing the value of 
critical stopping power for the medium and with decreasing ion mass. 
If the critical energy loss rate is known for a given detector 
(SSNTD), then by knowing the maximum etchable track length, range of 
ions can be obtained. 
r2i 
3.6 COMPLETE ETCHING TIME 
The time required to etch the track up to the end point of the 
particle trajectory i.e. the time at which the etchant has reached 
the point of the damaged trail where V = V , is called the complete 
T G 
etching time and can be given by 
t = — - — C3.6. 1) 
where L is the maximum etchable track length in the detector 
material. If a charged particle of a certain kind (fixed atomic 
number and energy) enters a detector surface at different entrance 
angles 6 > 6 (here 6 is the critical angle for the detector 
c c 
material), the measured projected track length 1 will be different 
P 
although the actual etched track length L should be same. 
For obtaining the complete etching time of any SSNTD, few 
irradiated detector foils are taken and etched. As it is difficult 
to etch the tracks just to the end of the particle trajectory, the 
observations of etched tracks are made after suitable intervals of 
etching time. The process of etching and microscopic observation of 
the etched track length is repeated till the observed track length 
reached a maximum length and continued decreasing with further 
etching, except in case of glasses and mica (Dwivedi and Mukherji., 
1979b). The complete etching time is found out by plotting the 
projected track length 1 as a function of the cumulative etching 
P 
12S 
time. The decrease in 1 the projected track length starts at the 
P 
moment V = V (figure 3.3). Thus, the time upto the point where 
T G 
the decrease in 1 starts gives the complete etching time t 
P c 
3.7 CRITICAL ANGLE 
When charged particles are incident on the surface of solid 
state nuclear track detector, they produce minute trails of damage 
in the material. These damage trails can be enlarged thousand fold 
by subjecting the detector material to a preferential etching 
process to make them visible under an optical microscope. For etched 
tracks to appear there is a certain critical angle d , the angle 
c 
between the plane of material and the direction of particle, below 
which tracks will not be registered by chemical etching although the 
condition V > V„ is satisfied. This can be well understood if we 
T G 
know bulk and track etch rates V and V . Suppose a charged particle 
G T 
is incident at angle 6 with respect to the detector surface as shown 
in figure 3.4. After the etching time t, the etched track length 
along the trajectory will be V .t and the thickness of bulk material 
removed will be V_•t. Obviously, the recorded track will be 
G 
observable only if the vertical component of V .t i.e. ^x*^ ^^" ^ 
where 6 is the angle of incidence with respect to the detector 
surface, is greater than V .t. Thus we have the condition 
G V„.t Sin e > V^.t (3.7.1) 
1 G 
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Ion 
(a) 
Original surface 
Etched surface 
Original surface 
Etched surface 
(b) 
Original surface 
Etched surface 
(c) 
Figure 3.4(a)Shows the shape of the etched track when V^/V_ < 1 
(b) No track formation, as the surface is removed at grea 
rate than the normal component of V_. 
(c) Sin VQ/V^ is the critical angle © above which tracks 
are registered. 
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or 
Sin e > — - -
T 
e > Sin ^ V^/V^ (3.7.2) 
If Sin (V^/V ) = 0 (a critical value of angle 9), the condition 
G T c 
for etchable track formation, 
e > e ( 3 . 7 . 3 ) 
c 
This critical angle, at or below which the damage trail of an 
impinging particle is not etchable with preferential chemnical 
etching is known as the critical angle of etching in the detector 
material for the type and energy of the particle concerned. This is 
an important parameter in the process of damaged trail development 
by preferential etching and strongly governs the ultimately 
obtainable efficiencies of the detector. The existence of critical 
angle not only controls the track registration efficiencies, but it 
also puts a restriction on the 'maximum etchable projected track 
length' and will be higher for detector materials having low values 
of critical angle and vice versa. The detectors having higher values 
of critical angles produce bigger etched cones and are employed in 
studies where the main parameter for analysis is the etch-pit 
opening diameter. While the detectors having low critical values of 
angles are mainly used for the projected track length measurements 
of the etched trails. 
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Generally V is much smaller than V and almost all the tracks 
G T 
appear in detectors (Lexan, CR-39, Makrofol polycarbonate etc.) and 
are cylindrical in shape. When V„ = V^, the shape of etched tracks 
1 G 
may be large cones to etch pits. It was predicted that almost all 
the plastics have low critical angles of etching for the 
o 
registration of fission fragment like particles and varying from 2 
to 5 (Khan and Durrani, 1972). 
3.7.1 Technique for the determination of the critical angle of 
etching 
The critical angle of etching for a given detector material and 
type of incident particle can be obtained by varying the angle of 
incidence, with respect to the detector surface, of an external 
irradiation beam of particles until the detector falls to register 
the etched tracks. For this a collimated beam technique (Khan and 
Durrani, 1972) can be used. In this technique the charged particle 
source is kept at one end of a long tube collimeter having a fine 
aperture. The collimeter points to the centre of a metal plate, 
placed vertical to the plane of a horizontal turn-table T (figure 
3.5a).The detector material (unless available in uniform thickness 
e.g. plastics, mica or microslides) under investigation is then 
mounted on the metal plate. Here a more or less perfect plate with 
parallel surfaces is obtained to ensure accuracy of the angle of 
incidence being measured. First, the collimeter is at normal 
incidence with the detector surface and the whole unit should be 
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placed in a vacuum chamber. In an experiment Khan (1980) has used an 
A. — ^ 
optimum dose 10 tracks cm . Similar irradiations at other angles 
o o 
(at the intervals of about 10 ) were carried out upto 0 using 
different detector samples. They were then etched under similar 
conditions. 
The opening of the etch-pits in glasses and plastics resulting 
from normal incidence to the detector surface were seen to be 
circular. As the angle of incidence was decreased, the etch-pits 
become more oval-shaped in glasses, and needle like in plastics 
(Khan, 1980). In case of glass it was observed that the etch-pits 
became progressively shallower and in decreasing density per unit 
exposure time, and then after a certain narrow angular interval 
disappear completely. In case of plastics the needle-like tracks 
(e.g. heavy ion tracks in plastics) became progressively longer and 
the track density remains constant until they suddenly disappear at 
the critical angle. 
To obtain exact value of the critical angle careful 
measurements are made for each material within the angular interval 
around the critical angle as measured in the preliminary run off. 
This technique, (irradiating with col 1imated beam) was used for the 
measurement of the critical angles of etching of a number of solid 
252 
state nuclear track detectors for collimated beams of Cf fission 
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fragments (Khan and Durrani, 1972). Out of the detectors used by 
Khan and Durrani, the mica and soda lime glass detectors had the 
minimum and the maximum value respectively of the critical angle. 
3.7.2 Uncollimated beam exposure technique 
This type of arrangement generally deals with exposures to 
uncollimated beams of particles. This is mainly used for the track 
detectors when they are particularly employed for the analysis of 
reaction products obtained from the targets of different geometries 
situated at varying distances. 
For the determination of critical angle 6 of fission fragment 
c 
like particles following experimental set up (figure 3.5b) was used 
(Khan, 1980). Firstly, a thin source of charged particles was 
considered and its radius R was determined by making a strong 
exposure (an autoradiograph) of the source with the track detector 
in contact. The source was then placed at a distance d in vacuum 
from the detector and another exposure was made, making sure that 
the image is well within the detector surface. After etching the 
detector, the radius R as well as R of both the exposures were 
measured with the help of a microscope. The two radii (R and R ), 
the distance (d) and the critical angle of etching 6 are related 
c 
as (figure 3.5b) 
"2 -"l 
Cot 6 (3,7.3) 
^ s 
^x 
(1 -
(1 -
- Sin 6 ) 
c , s 
- Sin e ) 
c ,x 
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The critical angle of etching was first determined 
accurately for a convenient reference material (e.g. a glass 
microscope slide or a plastic detector) using the collimeted beam 
technique. After this, the two detector materials (one standard and 
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other unknown) were exposed to the same source ( Cf) for equal 
intervals of time in 2lT geometry. The ratio of the track densities 
produced in the 'reference' and the 'detector under investigation' 
are related as 
(3.7.4) 
where the subscripts s and x refer to the reference and the unknown 
detector.Durrani and Khan (1971) used this technique for the 
determination of critical angle for Ivory Coast microtektites. 
3.8 TRACK REGISTRATION AND DEVELOPMENT EFFICIENCY 
When the detector is irradiated with some external source, 
there must be some particles which are incident at angles less than 
the critical angle on the detector surface. Because of the existence 
of a non-zero critical angle 6 , the track development efficiency 
c 
for the SSNTDs in 2n geometry can not be 100%. The track 
registration and development efficiency 77 is defined as the ratio 
of number of particles incident on the detector surface in the 
allowed solid angle (limited by 6 ) to the total solid angle 2n i.e. 
c 
the fraction of tracks intersecting a given surface that are 
X30 
developed after etching on the surface under specific conditions, 
Thus, the track formation efficiency of SSNTDs may be given as 
Number of tracks revealed on surface 
Efficiency 77 = 
Number of tracks in intersecting surface 
n/2 IT/2 
C 
IT/2 
/ dQ 
0 
= 1 - S i n e 
c 
^ 2 IT Cos e de 
u 
c 
2 n 
(3.8.1) 
Substituting 6 , from eq. 3.7.2 we get 
c 
r) = 1 (3.8.2) 
^ 
From the above expression it is clear that the greater the value of 
V /V , the smaller will be the critical angle 6 and hence the 
greater will be the etching efficiency 77 for track registration 
through etching in 2n geometry. As in the case of almost all the 
o 
plastic detectors the critical angles of etching varying from 2 to 
o 5 for the registration and development of damage trail of fission 
fragment like particles and heavy ions they have high registration 
efficiencies (85-99%). By the measurement of the registration 
efficiencies of solid state nuclear track detectors their critical 
angles of etching can be obtained in relation to particles of 
different charge and energy and to the etching conditions etc. 
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For normally entering particles etched tracks will be revealed 
with 100% efficiency if V„ > V . But, in case of inclined particle 
T G 
tracks, the efficiencies of track revelation is not 100% due to the 
etched out layers from the detector surface during track 
development. Experimentally, it is observed that V /V , the etch 
1 vj 
rate ratio can be changed to some extent by using different etching 
conditions. Therefore, attempts are made to obtain appropriate 
chemical etching conditions which give the optimum value of V /V so 
1 li 
that the track registration efficiency may be maximum. 
3.9 ACTIVATION ENERGIES 
The activation energy represents the minimum energy which the 
reacting molecules must possess over the average energy possessed by 
the ordinary molecules. In SSNTD technique, the etching of the 
detectors is a general phenomena involving the activation energy at 
the solid and the liquid interface. The energy in excess of the 
average energy possessed by the reacting molecules, required by the 
reactant molecules to form the activated state which corresponds to 
the top of the barrier is known as the energy of activation. 
Arrhenius law explains a complete understanding of the factors 
affecting the activation energy. The Arrhenius equation relates the 
rate constant of an elementary reaction to the absolute 
temperature 
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-E/kT 
V or V = constant . e (3.9.1) 
Q T 
Where E is the activation energy and k, the Boltzmann's constant. 
3.9.1 Activation energy for bulk etching 
The bulk etch rate V of a SSNTD is a material parameter and 
G 
for a given detector material it depends upon the the contents of 
the etching solution, its concentration and temperature (Ahmad et 
al., 1980; Modgil and Virk, 1983). The variation of bulk etch rate 
with etching temperature is analogous to chemical reaction (Benton, 
1968; Blanford et al., 1970; Enge et al., 1974; 1975). The bulk etch 
rate at a fixed etchant concentration is found to increase 
exponentially with the absolute temperature and follows Arrhenius 
equation. 
V^ = A exp (- E^/kT) (3.9.2) 
G G 
Where E is the activation energy for bulk etching; A, a constant; 
G 
T, the absolute temperature of etching solution and k, the 
Boltzmann's constant (=1.38x10 J K or 8.625x10 eV.K ). Taking 
logarithm of the eqn. (3.9.2) we get 
Log Vg = Log A - 2,303 ^T (3.9,3) 
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T a k i n g K i n eV.K ^ 
"^ G 1 
Log V = - — . + Log A ( 3 . 9 . 4 ) 
^ 2 . 3 0 3 x 8 . 6 2 5 x 1 0 T 
3 1 
= - 5 . 0 3 5 x 1 0 . E^ —— + Log A ( 3 . 9 . 5 ) 
G 1 
If log V is plotted as a function of 1000/T, one gets a straight 
G 
line. The slope of the line yields the activation energy for etching 
process and is given by 
Slope = -5.035 E^ 
G 
o r E^ ( e V ) = 0 . 1 9 8 6 x I s l o p e l ( 3 . 9 . 6 ) 
G I ' 
Typically the activation energies are of the order of 1 eV (S.A.R. 
Al-Najjar et al., 1980). 
3.9.2 Activation energy for track etching 
The effect of radiation damage is primarily to lower the 
activation barrier for scission and removal of polymer molecules. In 
other words, a fraction of the energy dissipated by a charged 
particle is stored in the material and puts the damaged material 
into a higher energy state where it is more susceptible to attack. 
The track etch rate V depends upon the material damage caused by 
the particle along its trajectory which in its own turn depends upon 
the primary ionization or restricted energy loss rate and hence on 
the particle's energy, its mass and charge. For the track of a given 
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kind of particle in a given detector material etched in a given 
solution, the track etch rate is also found to increase 
exponentially with the absolute temperature of the solution and 
followed the Arrhenius relation 
V^ = B. exp (-E^/kT) (3.9.7) 
where B is a constant and E , the activation energy of track 
etching. A similar expression for E as for bulk etching gives as 
S l o p e = - 5 . 0 3 5 E 
E ( eV) = 0 . 1 9 8 6 x | s i o p e | ( 3 . 9 . 8 ) 
It is found that the activation energies associated with the repair 
of damage trails are of the order of few electron volts. These 
energy values are typical of those involved in atomic diffusion and 
thus provide further evidence of the atomic nature of the defects. 
3.10 SENSITIVITY OF DETECTOR 
Sensitivity of the detector is defined as the etch rate ratio V 
(a function of z/fl of the ions) 
V = V^/V^. (3.10.1) 
1 (j 
Here, V and V both depend upon the temperature and concentration 
VI 1 
of the etchant. Hence the effect of etching conditions on the 
detector sensitivity, V is much less pronounced than that on the 
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individual etch rates and the accurate measurement of the bulk etch 
rate V as well as track etch rate V is important to obtain the 
G T 
sensitivity of the various detectors. According to sensitivity 
concept it has been stated that no sharp registration threshold 
exists (Somogyi et al., 1976) although the threshold concept has 
been a useful general classification guide for nuclear track 
detectors. The detector response is characterized by V (etch rate 
ratio) which determines the geometry of the etched track (Henke and 
Benton, 1971). Determination of the etch rate ratio V as a function 
of the residual range R of a nuclear particle enables us to identify 
the track. With such particles, when etchable track length is 
satisfactorily large (e.g. with energetic heavy ions), this can be 
done by direct track length measurements as well proposed by Price 
et al., (1967). For heavy ion tracks in Lexan (Enge et al., 1973) V 
o 
was found to be constant despite a temperature change from 50 to 
o 80 C. For cellulose nitrate, the detector sensitivity decreases with 
increasing temperature (Blanford et al., 1970). The sensitivity of 
CN(R) depends strongly upon the etching temperature while that for 
Makrofol-E it is independent of etching temperatures (Farid, 1989). 
3.10.1 Determination technique 
The etch rate ratio V can be determined by simultaneous 
measurement of V and V . The accuracy of the measurement depends on 
(i 1 
the data evaluations employed. The track diameter and track length 
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measurement technique was employed by Somogyi et al. (1976). Direct 
track length measurements are selected only for those detectors in 
which track portions possessing V i 3. Track diameter measurements 
on individual tracks of nuclear particles were used for V < 3, which 
provide more adequate and accurate results (Somogyi et al., 1976). 
3.11 ENVIRONMENTAL EFFECTS ON TRACK PARAMETERS 
Solid state nuclear track detectors are least sensitive 
detectors to environmental effects. The polymers are more sensitive 
than most of the mineral insulators and glasses but usually the 
environmental effects within normal variations are ignorable except 
for extreme conditions. The parameters affecting the track etching 
process can be classified into four categories 
i) conditions before exposure 
ii) conditions during exposure 
iii) conditions after exposure but before etching 
iv) modifications of etching conditions. 
The effects with high doses of U.V. and ?^-photons as well as of 
annealing on plastics were examined by several workers. The increase 
in the bulk etching rate of Lexan polycarbonate after exposure to a 
60 
few tens of mega Rads of Co j-rays was observed (Frank and 
Benton, 1969). Similar effects were observed in cellulose nitrate 
(Benton, 1968). The most important effect during exposure was the 
increase of sensitivity of plastics, caused by the presence of 
137 
oxygen (Becker, 1968; Benton, 1970). The track etch rates for 
various heavy ions in Lexan polycarbonate were found to increase as 
the temperature during irradiation decreased (O'Sulivan and 
Thompson, 1980). Exposure of plastics to ultraviolet radiation, 
after irradiation was found to incrrease the ratio V /V due to the 
1 (i 
energy deposited in the plastic along the trajectory by U.V. 
radiations and hence increased etchability (Benton and Henke, 1969). 
The detector sensitivity was found to influence very much on 
etching parameters viz. etchant temperature, concentration and the 
effect of etch products in etching solution. Cellulose nitrate has 
been found to show a complex behaviour with the variation in etchant 
strength (Enge et al., 1974), while it was found that the bulk etch 
rate of Lexan in NaOH solution increased approximately as the 
square of the etchant molarity (Frank and Benton, 1969). The 
dependence of the etching properties of CR-39 on the concentration 
and temperature of the etchant has been carried out (Fowler et al., 
1980; Green et al., 1982). Very strong dependence of the parameter V 
on the molarity of the etchant, and on the temperature of etching 
for a given molarity was found. Therefore, in order to establish the 
optimum etching conditions for different type of plastics and for 
each batch of detectors very careful work on measurements of track 
parameters is required for obtaining the best discrimination between 
particles of different types and having different energies. 
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Because of the environmental effects on track and bulk etch 
rates, the track etching efficiency, the etched track semi-cone 
angle, the critical angle, the sensitivity and other track parameter 
revealing characteristics of the SSNTDs are changed. These 
environmental effects are different for different detector materials 
and also for different type of incident particles (Fleischer et al., 
1975). Mostly plastic track detectors are insensitive to (1 and v 
radiations but cross linking and other effects of polymer 
degradation can occur when exposed to very high doses of gamma 
radiation. Some important environmental effects on plastic track 
detectors are summarized in table 3.1. 
Polycarbonates retain their tracks upto a temperature at which 
it becomes viscous. 
o 
Hi 
o 
a 
a 
o 
o 
di 
^H 
. 
n 
0 
P - ^ 
X) 
cd 
!d 
- p 
C 
U 
a 
c 0 
L I 
•rH 
> 
c 
w 
H W 
+J 
o (D 
«1H 
<IH 
0 
• P 
a 
3 
O 
> 
c 0 
4 J 
0 
0 
<M 
t M 
0 
0 
o 
> 
(U 
X I 
0 
X I 
cd 
X3 
Ci 
cd 
U 
0 
o P>J 
•0 
GQ 
cd 
ID 
(. O 
0 
X) 
> 
-o 
c 
cd 
•o 
(U 
CO 
a3 
0 
u 
u 
c 
c 
0 
ed 
T3 
td 
u 
u 
M 
Z -H —I 
o 
•H 
cd 
I 
CO 
0 
a 
CH 
3 
O 
X! 
o 
Ci 
a 
(d 
u 
1M 
3 
cd 
O 
3 
3 
ed 
3 
0 
M -iH 
Cd 
•r-l 
-a 
cd 
-^^  cd 
• 1 - 1 
u 
03 
• P 
Cd 
S 
d) 
09 
0 
- M 
3 
— 
- i N 
£l 
o 
2 
U 
1 
u 
• p 
ed 
u 
• p 
• F H 
3 
r > 
-^  
- H 
(U 
0 
• F H 
Id 
Q 
s»/ 
o 
(d 
CH 
a 
a (a 
3 
CH 
0) 
3 
0 
- P 
o 
a 
t M 
<tH 
0 
0 
z 
X3 
0 
CQ 
Cd 
<D 
t-
O 
0) 
"O 
> 
3 
0 
• F H 
03 
CQ 09 
0) 'PH 
3 
CH 
ed 
O. 
> 
—< <w --^  "O '•^  
U3 
I 
'o 
o 
CH 
cd 
3 
cd 
© 
3 
3 
ed 
CH 
3 
O 
x: 
jD 
3 
O 
3 
a 
cd 
CH 
CH 
3 
Cd 
CH 
a 
a 
•p 
3 
CH 
-p 
cd 
c 
o 
•o 
C^J 
13 
3 
cd 
CO 
z 
o 
CM 
U 
< 
o 
3 
cd 
-i 
I 
p 
cd 
ID 
U 
P 
> 
3 
3 
S 
ed 
ti 
X. 
o 
• 0 
<0 
n 
cd 
4) 
tn 
O 
3 
"H 
r—< 
3> 
>> 
P 
M 
> 
^ 
-P 
• rH 
03 
3 
O 
03 
a 0 
o 3 
cd 
• 3 
3 
D 
0 
w 
dJ 
u. 
(1> 
•00 
CH 
Cd 
3 
••J 
0 
<D 
O 
c 
cd 
3 
c 0^ 
•0 
3 
CM ed 
0) 
o 
3 
cs 
a 
^ 3 
3 
a 
3 
p 
en 
cd 
a 
o 
o 
o 
I 
1/3 
SI -H 
3 
J 
p 
a; 
a 
CD 
100 
CH 
3 
03 
P 
3 
a 
p 
cd 
03 
u 
p 
> 
:3 
•r-H Q ^ —I 
c 
3 
3 
>> 
• p 
-H 
> 
^ P 
^ 03 
3 
03 
73 
- 0 
03 
CQ 
ed 
03 
CH 
0 
03 
13 
3 
O 
rH 
03 
03 
03 
03 
n •^  
p .p 
-I CH 
2 ed 
a 
!d 
x; 
a 
a; 
o: 
3 
a 
-p 
(d 
33 
I. 
cd 
a 
CH 
33 
-a 
3 
id 
3 
33 
a 
•00 
ed 
u 
139 
BIBLIOGRAPHY 
Ahmad M.M. et al. (1980) Ind. J. Pure and Appl. Phys. 18, 107. 
AI-Najjar S.A.R., Bull R.K. and Durrani S.A. (1980) Proc. 10th Int. 
Conf. Solid State Nucl. Track Detectors, Lyon and Suppl. 2. 
Nucl. Tracks., Pergamon Press, Oxford, 323. 
Baroni G., Liberto S.D., Romano G., Sgarbi C. and Tabasso M.C. 
(1973) Nucl. Instr. and Meth. 98, 221. 
Becker K. (1968) Rad. Res. 36, 107. 
Benton E.V. (1968) US Naval Radiological Defence Laboratory, San 
Francisco, Report NRDL-TR-68. 
Benton E.V. (1970) Radiat. Effects 2, 273. 
Benton E.V. and Henke R.P. (1969) Nucl. Instrum. and Meth. 70, 183. 
Blandford G.E., Walker R.M. and Wheel J.P. (1970) Radiat. Eff. 3, 
267. 
Durrani S.A. and Khan H.A. (1971) Nature 232, 320. 
Dwivedi K.K. and Mukherji S. (1979a) Nucl. Instr. and Meth. 159, 433, 
Dwivedi K.K. and Mukherji S. (1979b) Nucl. Instr. and Meth. 161, 317, 
Enge W., Grabisch K., Dallmeyer L., Bartholoma K.R. and Beaujean R. 
(1973) Proc. 13th Int. Cosmic ray Conf. Denver, 2848. 
Enge W., Grabisch K., Beaujean R. and Bartholoma K.P. (1974) Nucl. 
Instr. and Meth. 115, 263. 
Enge W., Grabisch K., Dallmeyer L., Bartholoma K.P. and Beaujean R. 
(1975) Nucl. Instr. and Meth. 127, 125. 
140 
Farid S.M. (1989) J. Islamic Academy of Sciences 2, 139. 
Fleischer R.L., Price P.B., Walker R.M. and Hubbard E.L. (1964) 
Phys. Rev. 133, 1443. 
Fleischer R.L., Price P.B. and Warker R.M. (1965) J. Appl. Phys. 36, 
3645. 
Fleischer R.L., Price P.B. and Walker R.M. (1975) Nuclear Tracks in 
Solids : Principles and Applications. University of California 
Press, Berkeley. 
Fowler P.H., Amin S., Clapham V.M. and Hensaw D.L. (1980) Proc. 10th 
Int. Conf. Solid State Nucl. Track Detectors, Lyon and Suppl. 
2, Nucl. Tracks Pergamon Press, Oxford, 239. 
Frank A.L. and Benton E.V. (1969) Proc. Int. Top Conf. Nucl. Track 
Registration in Insulating Solids and Applications. Clermont 
Ferranol. V, 84. 
Fujii M. and Nishimura J. (1984) Nucl. Instr. and Meth. 226, 496. 
Gravez B., Vater P. and Brandt R. (1981) Nucl. Tracks 5, 291. 
Green P.F., Ramli A.G., Al-Najjar S.A.R., Abu-Jard F. and Durrani 
S.A. (1982) Nucl. Instr. and Meth. 203, 551. 
Henke R.P. and Benton E.V. (1971) Nucl. Instr. and Meth. 97, 483. 
Khan H.A. (1980) Nucl. Instr. and Meth. 173, 43. 
Khan H.A. and Durrani S.A. (1972) Nucl. Instr. and Meth. 98, 229. 
Luck H.B. (1975) Nucl. Instr. and Meth. 131, 105. 
141 
Maurya A.L., Bose S.K, and Tuli S.K. (1979) Proc. 10th Int. Conf. 
Lyon, 375. 
Mazzei R., Bernaola O.A., Saint Martin G. Bourdin J.C. and Grasso 
J.C. (1986) Nucl. Instr. and Meth. B17, 275. 
Monnin M. (1969) Thesis, University of Clermont. 
Modgil S.K. and Virk H.S. (1983) Proc. Ilird National Solid State 
Nuclear Track Detectors Conf. Amritsar, India 44. 
0'Sullivan D. and Thompson A. (1980) Nucl. Tracks 4, 271. 
Price P.B., Fleischer R.L., Peterson D.D. O'Ceallaigh C , O'Sullivan 
D. and Thompson A. (1967) Phys. Rev. 164, 1618. 
Ruddy F.H., Knowless H.B., Luckstead S.C. and Tripard G.E. (1977) 
Nucl. Instr. and Meth. 147, 25. 
Schwenck P., Sermund G. and Enge W. (1984) Nucl. Tracks 8, 37. 
Somogyi G. (1966) Nucl. Instr. and Meth. 42, 312. 
Somogyi G. and Szalay S.A. (1973) Nucl. Instr. and Meth. 109, 211. 
Somogyi G., Grabisch K., Scherzer R. and Enge W. (1976) Nucl. Instr. 
and Meth. 134. 129. 
Tolansky S. (1948) Multiple-beam Interferometry of surfaces and 
films (Clarendon) 2. 
CHAPTER - IV 
STUDY OF CHARACTERISTICS 
OF HEAVY IONS 
IN PLASTICS 
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4.1 INTRODUCTION 
Solid State Nuclear Track Detectors (SSNTDs) have wide spread 
applications in various branches of science and technology. They 
have also been developed for ionographic registration and are well 
suited for low intensity heavy ion work due to their low sensitivity 
for less ionizing background radiation. Heavy ion track registration 
in SSNTDs is a tool for ion identification and related studies 
(Fleischer et al., 1975; Durrani and Bull, 1987). Now a days 
accelerators have made available heavy ions having energies 
exceeding 5 MeV/n or so . But values of the rate of energy loss and 
the ranges of such ions are not very accurately known upto now. 
However, some calculations have been made in the recent past. 
Several plastics have been utilized as absorbers, filters, windows, 
backing and detectors in nuclear physics experiments. Thus, it has 
been realized that experimental determination of the ranges of 
energetic heavy ions in various media of interest is a matter of 
great importance. Again it remains yet to be explored whether the 
thermal stability of latent damage trails due to fission fragments 
and those due to energetic heavy ions follow similar patterns or 
not. As the shape and size of heavy ion tracks in plastic detectors 
are dependent on the mass, charge and energy of the track forming 
ions as well as on the stopping power of the media, the valuable 
information regarding the distribution of radiation damage and its 
143 
dependence on the effective charge of the incoming ions is expected 
to be obtained. 
Now a days several kinds of plastics are available which can 
record the tracks of charged particles. Polycarbonates, 
polyethylene, terephthalates, cellulose nitrates, cellulose acetate, 
cellulose triacetates and CR-39 are some of the plastics in common 
use. 
For qualitative work, it is usually supposed that the response 
of SSNTDs to particles of charge z and relative velocity [i (=v/c) 
depends only on these two parameters, as the prompt excitation and 
ionization energy distribution around the track of a slowing 
particle is solely a function of z and f] for a given medium (Benton 
and Henke, 1969). The information is expected to throw valuable 
light on the latent damage trails produced by the heavy ions. Also, 
valuable information regarding the distribution of radiation damage 
and its dependence on the effective charage of the incoming ions is 
expected to be obtained. The optimal use of any SSNTD largely 
depends on standardization of various etching parameters. To use any 
track detector for the identification of charged particles, it is 
essential to know the track etch characteristics of the detector. 
Therefore, proper calibration of the detectors with ions of known 
parameters under appropriate etching conditions for the 
visualization of tracks is required. 
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A successful experiment must collect a sufficient subset of 
such parameters which may be used to determine charge and mass of 
the ion. For example, if we are able to measure the rate of energy 
loss, total energy and velocity of a particle with sufficient 
accuracy then, since dE/dX in the given medium is a function only of 
the particle charge and velocity and the energy is a functioin of 
its mass and velocity, the nature of the particle may be precisely 
determined. The detector response is characterized by the etch rate 
ratio or sensitivity V = V /V and the residual range R at which 
these etch rate values hold (Price et al., 1967; Price and 
Fleischer, 1971). A knowledge of V at different temperatures for 
G 
any SSNTD is of considerable importance for obtaining the true 
etched track length of any heavy ion in that detector (Fowler et 
al., 1979; Dwivedi and Mukherji, 1979b). The track etch rate V is 
the best observable quantity which can provide a measure of damage 
intensity. A knowledge of maximum etchable track length of energetic 
heavy ions in solid dielectrics is essential for both basic and 
applied research using track detectors (Benton and Henke, 1968; 
Green et al., 1978; Dwivedi and Mukherji, 1979; Farid and Sharma, 
1983). It is related to z, though caution must be taken in 
interpreting such measurements. Track etch parameters and 
registration efficiency have strong correlation with etching 
conditions and radiation damage caused by the incident charged 
particle. 
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The stopping power equations have been given by Bohr (1913) and 
Bethe (1930), They suffer from the drawback that each can be applied 
in a limited range of energy. Mukherji and co-workers (Mukherji and 
Srivastava, 1974; Mukherji, 1975; Srivastava and Mukherji, 1976) 
have obtained a set of stopping power equations from the basic 
equations given by Bohr (1948) for heavy ion ranges in elemental and 
complex media upto 20 MeV/n. 
Assuming the validity of Bragg's addition rule, the stopping 
power of a complex medium [(dE/dX) ] „ at the ion energy E is given 
c E 
by 
dE 1 dE 
[( )^]p = - -{Y, ^ i t^  ^ ^F ^ (4.1.1) 
dX ^ ^ A i ' ' dX ' ^ 
Where A (= Z Y. A.) is the molecular mass number of the medium, A. 
C 1 1 1 
and Y. are the mass number and the number of atoms per molecule of 
the i atomic species respectively and (dE/dX). are the stopping 
powers of the constituent elements at the same ion energy E. To 
compute the range R for a heavy ion of initial energy E (MeV), one 
has to calculate [(dE/dX) ]. starting with E = E , at each new 
C I 1 
energy decreasing by small amount AE (~ 0.01) over which the 
elemental stopping power remain virtually constant, till the final 
ion energy E . Based on this formulation Dwivedi (1988) has 
o 
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developed a computer program 'RANGE' to calculate the range of heavy 
ions in a medium of known chemical composition. 
4.2 EXPERIMENTAL DETAILS 
4.2.1 Heavy ions and plastics used 
In the present study, three ions in different mass, range and 
various type of plastics were used. Details of irradiated plastics 
with heavy ions of different energies are presented in table 4.1. 
4.2.2 Target preparation and irradiation 
i[) Target preparation 
Several circular discs of diameter 5 cm were cut from thin 
sheets of Makrofol polycarbonate ^C H O ) obtained from Bayer A.G. 
(West Germany). The stacks were prepared by gently pressing four to 
ten such discs together and were mounted on slide glass backing for 
irradiation (figure 4.1). 
The CR-39 (DOP) is specially prepared by Pershore Moulding Ltd. 
by adding 0.2% dioctyl phthalate (DOP) to the CR-39 monomer 
(C H 0 and sp. gr. 1.32 g ml ) and using 32 h curing cycle. 
1 ^  lo I 
2 
Small rectangular pieces (5x5 cm ) were made from commercially 
available CR-39 and CR-39 (DOP) sheets and were mounted on the same 
system. 
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CTT ^S 2^P 
^ 5Q 
J* 40 
.64 1^ 
Figure 4 1 . Foil holder for thin targets. Samples of 50 mm 
'•' • In diameter and upto 100 P-^ J-\J^''%^''^,^Zlllr 
clamped into the base plate of the foil holder 
using a locking ring. The dimensions marked on 
the drawing are in mm. 
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iij Irradiation 
Nuclear track experiments require a physically switched off ion 
beam which must have a large cross section with homogeneous 
intensity distribution. Main problems with irradiation are 
continuous monitoring of the accumulated dose and a precise 
termination of the beam at the desired dose value. Thus, the basic 
requirements for nuclear track irradiations are : 
a) The ion beam should have a uniform areal density within a cross 
section larger than the target area. 
b) The ion beam should be an isotopically pure, of exactly similar 
energy and angle of incidence. 
c) The areal dose should be adjustable. 
In the present work irradiations were done with the well 
collimated and an isotopically pure beam at nuclear track 
irradiation facility XO channel of Universal Linear Accelerator, 
UNILAC (Heavy Ion Accelerator) at GSI (Gesel1schaft fur 
Schwerionenforschung) Darmstadt, West Germany. The heavy ion 
accelerator UNILAC is a high frequency linear accelerator capable of 
providing energy upto ~ 20 MeV per nucleon. The ion source produces 
highly charged heavy ions. An isotopically pure beam was selected 
and injected into the beam line at high D.C. potential. 
ISD 
The stacks of Makrofol-KG, KL, and N having different thickness 
(Makrofol-KG: 20, 40 (im; Makrofol-KL: 22 [im and Makrofol-N: 20tim) 
were exposed with Ar ions (14.90 MeV/n) and Xe ions (11.56 
MeV/n) beam and a number of CR-39 and CR-39 (DOP) detector sheets of 
A C\ 1 IK 
thickness "*" 500 ^m were exposed with Ar ions (14.9 MeV/n) Xe 
197 ions (11.56 MeV/n) and Au ion (13.92 MeV/n) beams. The 
irradiation of the staacks were done at an incident angle of 45 to 
4 5 2 
the detector surface at an optimum dose of 10 - 10 ions/cm . The 
ion beam is homogeneously dispersed onto the sample which is 
inserted using a sample inlet pneumatic system. A schematic 
representation of the nuclear track irradiation facility is given 
(Spohr, 1980) in figure 4.2. The ion beam for the irradiation is 
focussed to the desired cross section through a magnetic quadrupole 
lens. Only a fraction of the available cross section is actually 
used for irradiation of the sample by the beam aperture. Thus, only 
the flat central part of the approximate Gaussian beam profile is 
used for the irradiation of the sample surface. At low intensities, 
the beam profile is monitored by a sensitive fluorescent screen 
which is observed through an image intensifier/video camera system. 
The accumulated dose is monitored by a scattered particle detector. 
The ion beam can be switched off after the desired dose value is 
reached. 
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Ion Beam 
Magnetic Lens 
Magnetic Deflector 
Beam Profile Monitor 
Slow Shutter 
Fast Shutter 
Beam Aperture 
Image Intensifier/ 
Video Camera 
Sample 
Transmitted Particle 
Detector 
Scattered Particle 
Detector 
Faraday Cup 
Figure 4.2 Schematic diagram of nuclear track irradiation 
facility. The ion beam is homogeneously disper-
sed onto the sample, which is inserted using 
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4.2.3 Etching and scanning 
After irradiation, the detectors were taken out from the 
stacks. The detectors were then etched under appropriate etching 
conditions as given in table 4.2. For the measurement of bulk etch 
rate, detectors were cut into small pieces from fresh sheets. The 
etching was then done by hanging the detectors in the etching 
solution contained in a cylindrical flask which was kept in a 
temperature controlled high precision thermostatic water bath 
o 
maintained at a constant temperature with ± 1 C accuracy. Successive 
etching was done for a fixed interval of time. After each interval 
of etching, the detectors were washed thoroughly in flowing tap 
water for 5 minutes. They were again washed with double distilled 
water and then dried by an infrared lamp (keeping the detector at a 
distance of ~ 50 cm away from the lamp) before observations. 
Because of penetrating latent tracks in the detectors, both 
side surface etching was not suitable for successive etching as 
required for track etch rate measurement. In order to avoid the 
etching of both the surfaces, small pieces of detector were fixed 
with temperature resistant adhesive (Araldite) on clear glass 
slides, keeping irradiated face on top. This allows the etching only 
from irradiated surface of the detector. To develope tracks of given 
energetic heavy ions to their full lengths, the successive etchings 
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in several steps of smaller time intervals were performed. After 
every etching the detectors were thoroughly washed, dried and then 
examined under the microscope for measurements. 
4. 2. 4 Measureritents 
i i Bulk e t c h r a t e V_ 
(3 
The bulk etch rate V was measured by the thickness measurement 
G 
technique (Enge et al., 1975) using a micro-thickness dial gauge 
having a least count of 1.0 \im. For this purpose, some unirradiated 
2 
pieces (4x4 cm ) of each type of detector were thoroughly cleaned, 
washed and dried. Both the surfaces of the detectors were etched for 
V measurements. The thicknesses of different parts of the detector 
were directly measured. To obtain average thickness, nearly 100 
measurements were made. In this technique V is calculated from the 
relation 
A X 
V = (4.2.1) 
2 A t 
where Ax is the thickness of the polycarbonate dissolved in etching 
time At. 
ii) Track Etch Rate V 
After irradiation the detector discs were removed from the 
stack and numbered. The surface area where the tracks are to be 
expected, was marked with a sharp needle before etching. This helps 
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later in locating the etched tracks under the microscope and also to 
maintain uniformity for the track length measurement. To obtain 
track etch rate V , track length measurement technique (Fleischer et 
al., 1965; Price and Fleischer, 1971; Enge et al., 1965) was 
employed. In the present work, detector discs were cut into four 
pieces to obtain track etch rate at four different etching 
temperatures. After successive etching, when well defined narrow 
tracks were observed at ordinary magnification, the projected track 
lengths were measured with the help of micrometer eyepiece and 
optical microscope at a magnification of 675X with an accuracy of 
" 1.0 fim. The measurements for projected track lengths were made 
after successive etching for a fixed interval of time. 
All the track lengths were measured by noting the distance 
between the centre of the ellipse on the surface of the detector to 
the tip of the track inside the detector. Projected track lengths 
were measured at random all over the premarked area for about 500 
tracks to obtain average value. Using the measured data, the true 
track lengths were obtained with the help of the following 
expression (Dwivedi and Mukherji, 1979b) 
1 
p 
Cos e 
"G' 
+ 
Sin e 
L =  - V ( t - t ) (4.2.2) 
G c 
where 1 is the projected track length on the surface plane of the 
detector observed under the microscope, 6 the angle of incidence of 
156 
the ion on the detector surface, V the bulk etch rate, t the 
G 
etching time and t is the complete etching time. 
c 
In case of Makrofol polycarbonate used in present work, the 
ions penetrated through the detectors. Therefore, the over etching 
correction term is not required. Thus, the expression for L can be 
simplified as 
L = 
(4.2.3) 
1 
p 
Cos e 
1 
+ 
+ 
^ G ' 
Sin e 
A 
s 
where 1 is observed track length and A is surface etching 
s 
correction. 
The track etch rate V is calculated using the relation 
A L 
V = (4.2.4) 
a t 
where AL is the increase in track length in etching time it. 
4.2.5 Errors in measurement 
The detection of particles essentially comes down to the 
measurement of etched tracks. It is the errors in the measurements 
that limit the attainable accuracy. Track length measurements will 
have errors associated with them which will depend to some extent on 
157 
the individual scanner and on the quality of the optics employed. 
The resolution limit of microscope is ~ X/2n Sin a, where X is the 
wavelength of the light used, n, the refractive index of the medium 
between the sample and the objective and oi, the half of the angle 
subtended by the objective lens at the object. The combined term n 
Sin Oi is known as the numerical aperture of the lens. For white 
light the effective wavelength is about 5600 A . The largest 
achievable numerical aperture (Durrani and Bull, 1987) is 1.6 and so 
the smallest resolvable separation of objects under ideal conditions 
is around 0.18 \ini; and for track lengths of " 30-40 \im this 
constitutes a fractional error of ~ 0.005. Experimental errors will 
also affect the determination of the maximum etchable/residual range 
of the track. 
iD Error in bulk etch rate 
In the present study, the dial gauge indicator was used for 
bulk etch rate measurement. The measuring accuracy was about 
±0.5 \im. The amount of swelling during the etching of CR-39 has been 
found to be "" 1 to 1.5% of its original thickness. To minimise the 
error about 100 measurements on different places were made for each 
thickness observation. 
iiJ Error in track etch rate 
Uncertainities in determining the initial beam energies was 
almost negligible (~ 0.1%). More than 400 track lengths were 
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measured at random all over the premarked area of the detector to 
minimise the error due to non-uniformity in detectors. An optical 
microscope was used to measure these track lengths at magnification 
of 675X. The measuring accuracy for track lengths was ~ 1.0 |Jm. The 
standard deviations of the track length distribution have also been 
determined and are found to vary between 1 and 3 \im. 
4.3 RESULTS AND DISCUSSIONS 
4.3.1 Bulk etch rates for different type of plastics 
i) CR-39 and CR-39 CDOPJ plastic 
The bulk etch rate V for both type of detectors (CR-39 and 
G 
CR-39 (DOP) was determined at four different etching temperatures 
55°,65°, 70° and 80°C in 6N NaOH etchant. Figures 4.3 & 4,4 show the 
variation of removed layer from single surface (dx/2) of the 
detector CR-39 and CR-39(DOP) with etching time at four different 
temperatures respectively. Bulk etch rates (V ) obtained from the 
G 
slope of lines (as least square fit of the data) for CR-39 and CR-39 
(DOP) detectors are cited in the table 4.3. The results indicate 
that there is no significant change in the bulk etch rate of CR-39 
and CR-39 (DOP). Contradictory results have been reported (Anupam et 
al., 1991) regarding the change of bulk etch rate with the addition 
of dopant. The amount of swelling during the etching of CR-39 and 
CR-39 (DOP) has been obtained to be ~ 1 to 1.5% of its original 
thickness. 
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In the temperature range used in our experiment, the variation 
of bulk etch rate V with temperature was found to be exponential 
G 
and followed the Arrhenius equation. 
V^ = A Exp. (-E^/KT) (4.3.1) 
G G 
where A is a constant, K, the Boltzmann's constant, E , the 
G 
activation energy for bulk etching and T, the temperature of etchant 
o in K.Activation energy of bulk etching have been obtained from the 
slope of lines (least square fit of the data) of log V Vs 1000/T 
G 
(figure 4.5) for CR-39 and CR-39 (DOP) detectors and are cited in 
table 4.4. The results are in agreement with earlier observations 
(Farid. 1984; Singh et al., 1988). 
ii^ Makrofol polycarbonat& 
Figures 4.6 - 4.8 show the variation of thickness removed from 
single surface of the detectors Makrofol-KG, KL, and N 
o 
polycarbonates with etching time at four different temperatures 55 , 
60 , 65 and 70 C respectively, etched in 6.25N KOfl etching 
solution. It is observed that the thickness of Makrofol 
polycarbonate decreases with etching time and the plots of removed 
layer from single surface of the detector as a function of etching 
time are straight lines. The slopes of the lines (least square fit 
of the data) give the bulk etch rates. Table 4.5 presents the 
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obtained values of bulk etch rate at four etching temperatures for 
Makrofol KG, KL and N polycarbonate. The straight lines also 
indicate that the polycarbonate detectors behave isotropically 
towards bulk etching under the specified etching conditions. 
The values of Log V have been plotted against the reciprocal 
G 
of etching temperatures in figure 4.9. In the temperature range used 
in present work, the variation of bulk etch rate V with temperature 
G 
was found to be exponential and followed the Arrhenius equation 
C4.3.1).Activation energy of bulk etching have been obtained from 
the slope of lines (least square fit of the data) of Log V Vs 
G 
1000/T for Makrofol KG, KL, and N polycarbonates and are cited in 
the table 4.6. 
4.3.2 Characteristics of Argon ions 
40 iD Track registration response of Ar ions C14.9 MeV/n) in CR-39 
plastic detector 
The curves in figure 4.10 show the variation of projected track 
40 
length 1 Vs etching time of Ar ion in CR-39 plastic detector at 
P 
four different etching temperatures 55 , 65 , 70 and 80 C 
respectively. The curves in figure 4.11 show the variation of true 
track length (i.e. corrected track length after including surface 
and over etching correction) with etching time. Ihe slope of the 
curves (dL/dV ) changes with the increase of temperature under given 
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etching conditions. The near saturation regions are attained 
indicating the termination of the tip of the track on the opposite 
face. Thus for a given etching time and etchant, the etched track 
length is a function of etching temperature for a given ion and 
detector. The observed track length starts decreasing after the 
complete etching of the track because the bulk etching shortens the 
completely developed track after complete etching time t . Th« 
c 
curves (figure 4.11) also show that after complete etching time t 
c 
the true track lengths become almost constant. 
Table 4.7 presents the average values of V as measured at 
various temperatures alongwith the etch rate ratio (i.e. track 
registration sensitivity) V (= V^/V_), complete etching time t , 
1 G c 
etching efficiency 77 ( = 1-V /V ) and cone angle rp (= Sin V /V ) of 
(i 1 G 1 
the tracks. Here V values have been obtained from the slope of 
T 
curves (figure 4.11) shown as least square fit of the data for the 
non saturated region. The values indicate that the track etch rate 
increased as the etching temperature increases, the etch rate ratio 
V shows not too much variations (within experimental error) upto 
o o 70 C and decreases at 80 C. Complete etching time t decreases with 
c 
etching temperature. The etching efficiency remains almost constant 
at four etching temperatures. The cone angle shows no significant 
40 
change for Ar ions in CR-39 plastic detector. 
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Figure 4.12 shows the variation of track etch rate V with 
40 
etching temperature (Log V Vs 1000/T) for Ar ion in CR-39. The 
variation of V with etching temperature T (in absolute scale) is 
found to be exponential and followed the Arrhenius equation 
V = B exp. (- E /KT) (4.3.2) 
where B is a constant and E , the activation energy for the track 
etching. Activation energy of track etching obtained from the slope 
of the lines (least square fit of the data) is given in the 
table 4.8. 
40 ii) Response of Ar ions tl4.9 MeV/n) in Makrofol polycarbonate 
The curves in figure 4.13 - 4.15 show the variation between the 
40 projected track length 1 Vs etching time of the tracks of Ar ions 
P 
(14.9 MeV/n) in Makrofol polycarbonates (KG, KL and N) at four 
different etching temperatures viz. 55 , 60 , 65 and 70 C 
respectively. Figures 4.16 - 4.18 show the variation of true track 
length (i.e. corrected track length) Vs etching time. The observed 
track length starts decreasing after the etching time t because the 
c 
bulk etching shortens the completely developed track after t (the 
c 
time at which the holes are produced in the detectors). When the 
surface etching correction is made, the true track length remains 
almost constant beyond t . The characteristic information obtained 
c 
is the change in the slope of curves (dL/dV ) with increase in 
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temperature under given etching conditions and the attainment of 
near saturation regions (figures 4.16 - 4.18) which obviously 
indicates the hole of the track through the detector as the ions 
penetrate through these detectors. For a given etching time and 
etchant, the etched track length is a function of etching 
temperature for a given ion and detector. The track etch rates V 
have been calculated from the slope of curves (figures 4.16 - 4.18) 
as least square fit of the data for the non-saturated region and the 
values are cited in tables 4.9 - 4.11, The track registration 
sensitivity of the detector in terms of the etch rate ratio, the 
cone angle and the etching efficiency are also calculated from the 
experimentally determined V and V values and are depicted in the 
G 1 
tables 4.9 - 4.11 for Makrofol-KG, KL and N polycarbonates 
respectively. From these tables it is observed that as the etching 
temperature increases, the track etch rate increases. The etch rate 
ratio decreases towards higher etching temperatures. Since the cone 
angle is given by Sin <p = V /V , we can conclude that the cone angle 
Q 1 
40 
of Ar ion tracks in Makrofol polycarbonates increases towards 
higher etching temperature. The etching efficiencies remain almost 
40 
constant at four different etching temperatures for Ar ions in 
different type of Makrofol polycarbonates. 
Figure 4.19 shows the variation of track etch rates V,, with 
40 
etching temperature (Log V Vs 1000/T) for . Ar ions in Makrofol-KG, 
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KL and N polycarbonates. The variation of V with etching 
temperature T (in absolute scale) is found to be exponential and 
followed the Arrhenius equation. Activation energies of track 
etching obtained from the slope of the lines (least square fit of 
40 
the data) of Ar ions in different types of Makrofol polycarbonates 
are depicted in table 4.12. 
40 iii) Maximum etchable track length/range of Ar C14.9 MeV/n) ions 
The maximum etchable track length provides the particle range 
and energy. The essential difference between track length and range 
lies in the observed fact (Fleischer et al., 1964; 1965) that if the 
stopping power of a heavy ion in a given SSNTD is less than the 
critical stopping power (dE/dX) for the SSNTD, then no track is 
c 
produced even if the heavy ion possesses considerable kinetic 
energy. Therefore, the track length in a given SSNTD is just that 
part of the range of the heavy ion over which the actual stopping 
power of the ion remains above (dE/dX) for the detector. 
c 
40 
The average values of total track lengths for Ar ions of 
energy 14.9 MeV/n in different types of Makrofol polycarbonate are 
calculated. The tracks were found in only the first few foils as 
shown in figure 4.20. Maximum etchable track length in case of CR-39 
was also obtained. The values of maximum etchable track length along 
with the theoretical values of maximum etchable track length and 
range obtained from the computer program (Dwivedi, 1988) code 
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ivy ion 
MAXIMUM ETCHABLE TRACK LENGTH 
10 
F'igure 4.20 Track-etch profile for heavy ions in a stack of Makrofol 
polycarbonate etched from one side only. Shaded portion is 
the etched out thickness. 
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'DEDXH* are depicted in table 4.13. Theoretically, it has been found 
40 
that nearly 2 pm of the Ar ion damage trail remained unetched in 
Makrofol polycarbonate. As this deficit range is within the 
experimental errors, we can find a meaningful comparison between 
experimental maximum etchable track lengths and the theoretical 
ranges. It can be observed from the table that our experimental 
results show good agreement with the theoretical values. 
4.3.3 Characteristics of Xenon ions 
i) Xe ions C11.56 MeV/n) track registration characteristics in 
CR-39 and CR-39CD0P) plastic detectors 
The curves in figures 4.21 & 4.22 show the variation of 
projected track length 1 vs etching time while the curves in 
P 
figures 4.23 & 4.24 show the variation of true track length (i.e. 
1 '^R 
corrected track length) of Xe ion in CR-39 and CR-39 (DOP) 
plastic detectors with etching time for four etching temperatures 
55 , 65 , 70 and 80 C respectively. The slope of the curves 
(dL/dV ) changes with the increase of temperature under given 
etching conditions. The observed track length starts decreasing 
after the complete etching of the track due to shortening of the 
completely developed track after complete etching time by bulk 
etching. The near saturation regions are attained indicating the 
termination of the tip of the track on the opposite face. The curves 
(figures 4.23 & 4.24) also show that after complete etching time 
(t ), the true track lengths become almost constant, c 
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Tables 4.14 and 4.15 present the average values of V as 
measured at various temperatures alongwith complete etching time t , 
c 
etch rate ratio V, etching efficiency, fj and cone angle <p of the 
tracks. Here V values have been obtained from the slope of curves 
(figures 4.23 & 4.24) as least square fit of the data for the non-
saturated region. The track registration sensitivity (V /V ) of both 
T G 
o 
the detectors increases with increasing temperature upto 70 C 
whereas there is no significant difference in its values for CR-39 
and CR-39 (DOP). The etch rate ratio is a measure of the chemical 
effectiveness of the radiation damage in the detector. The etching 
efficiency T) of the detectors was found to be almost constant at 
four different etching temperatures for both type of the detectors. 
1 "ifi 
The cone angle (p also shows no significant change for Xe ions in 
CR-39 and CR-39 (DOP) with temperature upto 70°C. 
Figure 4.25 shows the variation of track etch rate V with 
136 
etching temperature (Log V Vs 1000/T) for Xe ion In CR-39 and 
CR-39 (DOP) detectors. The variation of V with etching temperature 
T (in absolute scale) is found to be exponential and followed the 
Arrhenius equation. Activation energies of track etching obtained 
from the slope of the lines (least square fit of the data) are given 
in the table 4.16, 
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li) Track registration characteristics of Xe ions CI1.56 MeV/n) 
in Makrofol polycarbonate 
The curves in figures 4.26 - 4.28 show the variation of 
projected track length 1 Vs etching time and the curves in figures 
136 
4.29 - 4.31 show the variation of true track length, L of Xe ions 
(11.56 MeV/n) in Makrofol polycarbonates (KG, KL, and N) at four 
o o o o 
different etching temperatures viz. 55 , 60 , 65 and 70 C 
respectively. The slope of the curves (dL/dV ) changes with the 
increase of temperature under given etching conditions. The observed 
track length starts decreasing after the etching time t because the 
c 
bulk etching shortens the completely developed track after the 
maximum track length. Here the ions penetrate the detectors as the 
thickness of the detectors is less as compared to their ranges. The 
characteristic information obtained is the change in the slope of 
curves with etching temperature and the attainment of near 
saturation regions (figures 4.29 - 4.31) which obviously indicates 
the hole of the track through the detectors. The track etch rates V 
have been obtained from the slope of curves (Figures 4.29 - 4.31) as 
least square fit of the data for the non saturated region and the 
values are given in tables 4.17 - 4.19 for Makrofol-KG, KL and N 
polycarbonates respectively. The track registration sensitivity of 
the detector, the cone angle and the etching efficiency are also 
depicted in the tables. These values are obtained from the 
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experimentally determined values of V- and V . The results clearly 
G 1 
indicate that the track etch rate increases with the etching 
temperature. The etch rate ratio decreases towards higher etching 
temperature while the cone angle increases. The etching efficiencies 
136 
remain almost constant at four etching temperatures for Xe ions 
in Makrofol polycarbonates. 
Figure 4.32 shows the variation of track etch rate V with 
etching temperature (log V Vs 1000/T). The variation of V with 
etching temperature (in absolute scale) is found to be exponential 
and followed the Arrhenius equation. Activation energies of track 
etching obtained from the slope of the lines (least square fit of 
136 
the data) of Xe ions in different type of polycarbonates are 
cited in table 4.20. 
1 '^Pi 
iiiD Maximum etchable track length/range of Xe (11.56 MeV/nD ions 
1 '^fi 
The average values of total track length of Xe ion (11.56 
MeV/n) in Makrofol-KL, KG, and N polycarbonates were obtained from 
the detectors of stacks in which 8 to 10 detector discs were 
pressed. Only in first few detector discs, tracks were found. 
Maximum etchable track lengths of Xe ions in CR-39 and CR-39 
(DOP) were also obtained using the equation 4.2.2 (Dwivedi and 
Mukherji, 1979b). For obtaining the average value more than 200 
tracks of maximum length were taken. The values are cited along with 
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the theoretical values of track length and range obtained from 
computer code 'DEDXH* (Dwivedi, 1988) in table 4.21. 
Theoretically, it was found that " 2 jim of the Xe ion damage 
trail remained unetched in Makrofol polycarbonate. Again, this 
deficit range is within the experimental errors and thus one can get 
a meaningful comparison between range and maximum/total track 
length. Our results show good agreement with the theoretical values 
of maximum etchable track length. 
4.3.4 Characteristics of Gold ions 
197 i) All ions C13.92 MeV/n) track registration characteristics in 
CR-39 and CR-39 CDOPD plastic detectors 
The figures 4.33 & 4.34 present the variation of projected 
track length 1 Vs etching time while the figures 4.35 & 4.36 show 
P 
197 the variation of true track length L Vs etching time for Au ions 
in CR-39 and CR-39 (DOP) detectors at four different etching 
o o o o temperatures 55 , 65 , 70 and 80 C. The slope of the curves 
(dL/dV ) shows a change with the increase of temperature under given 
etching conditions. The track length starts decreasing after the 
complete etching of the track. It can also be seen that after 
complete etching time t the true track lengths become almost 
c 
constant. The near saturation regions are attained indicating the 
termination of the tip of the track in the detector. 
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Tables 4.22 & 4,23 present the average values of V at four 
different etching temperatures alongwith the complete etching time 
t , etch rate ratio i.e. registration sensitivity, etching 
c 
efficiency and cone angle of the tracks in CR-39 and CR-39 (DOP) 
plastics respectively. The track etch rates V have been obtained 
from the slope of the curves (figures 4.35 & 4.36) plotted as least 
square fit of the data (true track length Vs etching time) for the 
non saturated region. The track registration sensitivity of both the 
o detectors increases with increasing temperature upto 70 C. There is 
no significant change in the etching sensitivity for CR-39 and CR-39 
(DOP). The complete etching time t decreases towards higher etching 
c 
temperatures. The etching efficiency of the detectors is almost 
constant at four different etching temperatures for both the 
detectors. The cone angle 4> also shows no significant change for 
Au ions in CR-39 and CR-39 (DOP) with temperature upto 70 C. 
Figure 4.37 shows the variation of track etch rate V with 
197 
etching temperature (Log V Vs 1000/T) for Au ion in CR-39 and 
CR-39 (DOP) detectors. The variation of V with etching temperature 
T is exponential and appeared to follow the Arrhenius equation. 
Activation energies of track etching obtained from the slope of the 
lines are presented in the table 4.24. 
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197 il3 Maximum etchable track length/range of Au ions C13.92 MeV/n) 
197 
The average values of maximum etchable track length for Au 
ions of energy 13.92 MeV/n could be found only in CR-39 and CR-39 
(DOP) detectors. The range/maximum etched track lengths have also 
been calculated using the computer code "DEDXH''; The values are 
depicted in table 4.25. Our experimental values are in good 
agreement with the theoretical values for CR-39 and CR-39 (DOP). 
4.4 CONCLUSIONS 
• The polycarbonates viz. Makrofol-KG, Makrofol-KL, Makrofol-N and 
CR-39 behave isotropically towards bulk etching under present 
etching conditions. 
• The plastic detectors manufactured by different processes have 
slightly different behaviour even if the product may be the same 
(e.g. different Makrofols). 
• V and V increase with temperature and the dependence of both on 
G 1 
etching temperature is exponential and followed the Arrhenius 
equat ion. 
• Track etch rate V is the best experimentally observable quantity 
to have an insight into the mechanism of damage in the detector 
along the damage trails of the ions. 
• Determination of V by rate of change of track length with 
etching time is associated with errors due to interpolation of 
track length for very short intervals of time which is 
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experimentally unachievable. 
• Effect of the etched products becomes significant if the same 
etchant is retained throughout the prolonged etching i.e. no 
fresh solution of the etchant replaces the old contents in 
between the etching intervals. 
^ For longer etching intervals the etch rate increases. 
• It is useful to go step by step through the procedure for 
establishing the response of a solid state nuclear track detector 
to ions of different atomic number and energy. 
• All the tracks of heavy ions in plastics investigated in the 
present work are of long needle like shape. 
• V , the average etching velocity along the track decreases with 
increasing values of the residual range of energetic heavy ions. 
• The etching velocity along the track due to energetic heavy ions 
in CR-39 track detector is the highest when the heavy ions 
approach the ends of their ranges. 
• The induction time (i.e. the minimum etching time required to 
develop the etch pits to optically measurable size) increases 
with decreasing z of the incident charged particle and decreases 
with increasing temperature. 
• The track development is approximately a linear function of 
etching time for short etching durations. 
• We found no variability in V or V from top surface to bottom or 
G r 
from one square to another. 
231 
• The etching efficiency is almost independent of the etching 
temperature for heavy ions (used in present investigation) 
hitting the detector surface at an angle 45 C. 
• All the three Makrofol polycarbonates are found to be having 
similar etching efficiency under the present etching conditions. 
• The etching efficiencies of CR-39 and CR-39 (DOP) are more than 
o 
99% for heavy ions hitting at an angle 45 C. 
• Comparable values of maximum etchable track lengths with the 
theoretical values prove the validity of the stopping power 
equations deduced by Mukherji and Nayak (1979). 
• The critical energy loss for Makrofol polycarbonate material is 
relatively high as compared to CR-39 plastic. 
• Calibration of track detectors can be done by obtaining 
correlation between maximum etchable track length and etched 
track parameters such as track etch rate as a function of ion 
energy and mass. 
• The value of activation energy for track etching does not change 
significantly with mass A of the bombarding ion in a particular 
detector but is different for different plastics. 
• The highest track registration sensitivity is for pure CR-39 
detector. 
• The etched track technique is quite suitable for particle 
identification and studying the heavy ion range in plastic 
detectors. 
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5.1 INTRODUCTION 
Track etch detectors are well suited for the studies of fission 
reactions having low fission cross sections as they are capable of 
registering low fluxes of fission fragments while remaining 
unaffected by lightly ionizing particles. These detectors can also 
distinguish the tracks of light and heavy charged particles through 
their characteristics. 
The objective of the work was the study of nuclear fission 
induced by a-particles in different (not so heavier) targets through 
the measurement of the fission cross-section. Studies of the fission 
cross-section as a function of incident ot-energy have been used to 
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examine fission barriers for Tl (Burnett et al. 1964). From the 
fission cross-section measurements, fission probability (the 
competition between fission and neutron emission) can be deduced as 
a function of the excitation energy (Huizenga et al. 1962). The 
fission probability is related to the height of the potential 
barrier which controls the fission process. The barrier arises from 
the forces involved in the large nuclear distortions which lead to 
fission. 
With the advent of the accelerating machines such as the 
Cock-roft Walton accelerator, Van de Graff generator, Tandem 
accelerator and the cyclotron etc., the high energy bombarding 
235 
particles such as protons, deuterons and alpha particles, as well as 
heavy ions are available for nuclear reactions in practically all 
the elements of the periodic table. The fission can be produced by 
charged particles such as ex-particles in many nuclides if the energy 
of the incident particle is sufficient enough to provide excitation 
above the fission threshold. The probability of occurrence of a 
particular reaction is measured in terms of cross-section which 
refers to an area of imaginary disc associated with the nucleus 
through which if the bombarding particle passes, only then the 
reaction will take place. Studies on fission cross-sections and 
angular distributions of the fission fragments (Debeauvais et al., 
1967; 1968; Ralarosy et al., 1969 a; b; 1971; Remy et al.,1970;1971) 
with various theoretical developments canprovide an opportunity to 
study the variance of K quantum number (which represents the 
projection of nuclear spin on the symmetry axis at the saddle point) 
and the properties of transition state nuclei. The study of fission 
process has considerably enriched nuclear physics by providing 
information on several aspects of nuclear behaviour (Kapoor, 1989) 
which cannot be studied otherwise. From the fission registration 
technique, a good number of real parameters will be available and 
particularly integrated cross-section can easily be obtained. 
Measured cross-section values can be discussed in comparison for 
spallation reactions, referring to reaction cross-section 
theoretically calculated from optical model. 
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5.2 EXPERIMENTAL PROCEDURE 
A part of the experiment has been carried out at Variable 
Energy Cyclotron Centre (VECC), Calcutta (India), The 224 cm 
Variable Energy Cyclotron at Calcutta can provide oi-particles having 
energy upto about 100 MeV. Unanalysed beam has energy resolution of 
0.5% (FWHM) and analysed beam of 0.024% (FWHM). The frequency range 
of accelerating system is 5.5-18.0 MHz and the maximum Dee voltage 
is 70 kV. The alpha particles of 57 MeV energy were used in the 
present work. 
5.2.1 Target Preparation 
Circular discs from the sheets of Lexan and thin glass were 
used as fission fragment track detectors. They were carefully 
cleaned in double distilled water. A thin layer of target materials 
(natural bismuth and gold) were prepared by the standard 
volatilization process in high vacuum directly upon a sheet of 
detector disc through a circular diaphram. Over and close to this 
evaporated target layer, another foil of the detector similar to the 
first one and of the same dimension was placed. Both the detector 
discs were then pressed and hard glued together on their whole 
surface around the target evaporation. The layer of target material 
is thus enclosed between the two detector discs as shown in the 
figure 5.1. From this type of target sandwiched between two track 
detectors, measurement of reaction events in 4IT geometry is 
possible. 
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oC-Particles 
4 ^|r^^^^>^^^>i'\^^^ 
Detector discs Target material 
Figure 5.1 : The sandwich technique. 
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The thicknesses of Lexan and Glass detectors were 220 |Jm and 
150 |im respectively. The thickness of Gold and Bismuth target layers 
2 
evaporated on the detector discs was 250 ^g/cm . In view of the 
anticipated small magnitude of the cross-sections for fission of the 
elements to be studied, the target purity is of critical importance. 
Target fabrication, therefore, was done from the purest materials. 
Natural Bismuth and Gold foils used were 99.99% specpure. 
5.2.2 Irradiation 
The experimental setup for irradiation of the sample is shown 
in figure 5.2. The target sandwiched between two detector discs was 
fixed at the centre of the flange with the target holders. The 
aluminium target holder helps in rapid heat dissipation. A low 
conductivity water (LCW) jet is used to cool the flange at the back 
side. The diameter of the external alpha beam was ~ 10 mm. The 
emergent beam passed through a focussing magnet and was then 
collimated into the experimental area through a tantalum collimator 
This collimator restricted the beam area to a circle of 8 mm 
diameter. The exposure to incident a-particles was made 
perpendicular to its surface. The beam current was kept very low and 
the exposure time was adjusted to avoid the overlapping of fission 
fragment tracks and according to the fission cross-sections. The 
alpha particle flux was monitored by the charge collection method 
using a Faraday cup which was kept closely behind the target and was 
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Figure 5.2 : Experimental set up used for irradiation, 
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coupled to a calibrated charge integrator. In the present 
investigations the irradiation was done with incident a-particles of 
energy 57 MeV and beam spread 0.5 MeV. 
5.2.3 Track Revelation 
After exposure, both detector discs were separated and the 
target layer was dissolved in aqua-regia. The aqua-regia does not 
have any chemical reaction on Lexan or Glass detector discs. After 
dissolving the target, the detector discs were washed with alcohol 
and finally with double distilled water and then dried. For the 
revelation of tracks the detectors were chemically etched. Lexan 
detectors were etched in 6N NaOH etchant at (60±1 C) for 45 minutes 
while Glass (soda lime) detectors were etched in 48% HF solution at 
(23±1 ) for 5 seconds. After etching, the detectors were washed 
thoroughly in flowing tap water for 5 to 10 minutes. The tap water 
quickly stops the etching by the left-over etchant on the detector. 
The detectors were then washed briefly with double distilled water 
and dried. The region of the detector damaged due to the passage of 
fission fragments is attacked more rapidly by the etchant than the 
surrounding bulk material of higher molecular weight. After the 
preferential chemical attack, damaged region is enlarged in the form 
of a conical etch-pit. When the size of the etch-pit becomes 
comparable to the wavelength of visible light after proper etching, 
it starts scattering the light and can be observed through an 
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optical microscope. Thus, with the help of this technique, the 
correlated fragment tracks issued by fission fragments from a 
bombarded nucleus can be visualised (figure 5.3). 
5. 2. 4 Scanning 
The track detectors (Lexan and Glass) used in the present study 
to detect the fission fragments produced due to (0(,f) reaction do 
not detect the low z ions and also the recoils of nuclei belonging 
to the target and/or leave very short tracks in the detector 
materials. The range of fission fragment tracks are generally longer 
than 10 )im, while the recoil tracks are usually visualised with 
i 
range shorter than 2 or 3 pm. Therefore, the fission tracks can very 
easily be distinguished from the tracks resulting from other 
possible reactions. To find the track density resulting from the 
fission in target nuclei, the whole area of the detectors covered 
with target material was scanned through binocular research 
microscope, under the magnification 450 X fitted with an eyepiece 
provided with grid marked graticule. 
5.3 CALCULATIONS AND MEASUREMENTS ACCURACY 
2 Considering an unit surface area (1 cm ) let 
n - The total number of fission events registered in the track 
detectors 
N - The number of target nuclei in the unit surface area 
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Figure 5.3 : Correlated fragment tracks 
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N - The total number of incident particles, integrated during the 
i 
exposure time. 
The number N of incident particles is obtained by measuring 
i 
the charge collected in the Faraday cup throughout the exposure. 
For a-particles the value of N. can be evaluated as 
1 
1 I.t 
N. = X ~ ~ particles (5.3.1) 
^ 2 1.6 X 10 
where I is the intensity of the beam and t is the exposure time. 
The fission cross-section is given by the folowing expression 
^f 
O = (5.3.2) 
N . N. 
1 
Where n is obtained by counting the correlated fission tracks. 
For calculating experimental error, the following measurement 
accuracy was considered 
(i) The relative counting error in scanning is statistical error and 
is estimated to be about 3-4%. It must take into acount the 
systematic losses of tracks near the horizontal plane which could be 
etched away during the chemical development and/or absorbed inside 
the target layer. These systematic losses are estimated to be of the 
order of 1.0%. 
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(ii) The number N of target nuclei is proportional to the thickness 
of the target and thus depends on the accuracy in the determination 
2 
of the thickness which is estimated to be about 35 pg/cm . 
(iii) The beam intensity is subjected to fluctuations during the 
exposure time, mainly when the intensity is small. For the present 
experiment AI/I < 6%. In the exposure time there is negligible 
error. The errors have been obtained from the above estimates. 
5.4 RESULTS AND DISCUSSION 
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The results obtained from the measurements for Au io,t) and 
209 
Bi (a,f) reactions at alpha energy 57 MeV have been cited in 
table 5.1. The given errors take into account the errors due to 
various factors mentioned in the text. As track length of fission 
fragments in Lexan detector is more than 10 iim, these tracks are 
easily distinguishable from other background tracks. Lexan track 
detector was found to be more sensitive and thus convenient for the 
observation of fission fragment tracks. 
Tables 5.2a,b present the data on fission cross-section at 
nearby alpha energies measured by other workers (Huizenga et al. 
1962; Gindler et al. 1970; Ralarosy et al. 1973). The variation of 
fission cross-section with incident a-energy is quite fast. Our 
measured fission cross section values agree reasonably with other 
cross section measurements at nearby energies. 
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Table 5.2a 
Comparison of fission cross-section at nearby energies measured in 
197 4 
other accelerator labs for Au + He 
S.No. Energy 
MeV 
Measured References 
fission cross 
section (d-) 
57.0 26 ± 3 Present work 
(using Lexan detector) 
57.0 28 Present work 
(using Glass detector) 
42.8 0.28 Huizenga et. al., 1962 
58.0 ± 1.2 26 + 3 Ralarosy et. aJ., 1973 
64.0 ± 1.3 34 + 3 Ralarosy et. al., 1973 
103.0 100 + 10 Gindler et. al., 1970 
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Table 5.2b 
Comparison of fission cross-section at nearby energies measured in 
209 4 
other accelerator labs for Bi + He 
S.No, Energy 
MeV 
Measured 
fission cross 
section (o".) 
References 
1. 57.0 245 ± 25 Present work 
(using Lexan detector) 
57.0 268 ± 27 Present work 
(using Glass detector) 
42.8 7.3 Huizenga et. al., 1962 
46.5 ± 0.9 36 + 4 Ralarosy et. al., 1973 
58.0 + 1.2 220 ± 23 Ralarosy et. al., 1973 
64.0 + 1.3 340 ± 29 Ralarosy et. al., 1973 
103.0 460 ± 50 Gindler et. al., 1970 
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The total reaction cross-section a is composed mainly of four type 
R 
of reactions (Ralarosy et al., 1973) 
l^ "i = Z (CK, xn) + 1 (.a, nxn) + I (a, c(xn) + o (5.4.1) 
The term (ot.xn) increases upto a maximum value and then decreases 
with increase in incident alpha energy; I(ct,p xn) increases 
regularly with the increasing incident energy; Ilia,a xn) also 
increase with incident energy but with much lower slope than Z(o(,p 
xn) and little lower slopes than a , a increases with increasing 
incoming energy very quickly but varies more slowly later on. 
The variations of tT-Zcrp *^ **• function of the incident energy 
(Ralarosy et al., 1973) are presented in table 5,3. It can be 
197 209 
observed that for Au and Bi nuclei, cr is unimportant at 43 
MeV but increases fast with increasing energy. 
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Table 5.3 
Variation of cr /a as a function of the incident energy and as a 
f R 
function of the atomic number of the target 
Target/Energy 43 60 80 103 
(MeV) 
Au 0.00035 0.012 0.027 0.042 
Bi 0.0035 0.12 0.16 0.20 
CHAPTER V SECTION II 
APPLICATIONS 
TRACE ANALYSIS 
OF URANIUM 
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5.5 INTRODUCTION 
The phenomenon of fission fragment track registration in Solid 
State Nuclear Track Detectors (SSNTDs) is being exploited in the 
last two decades for a number of applications in nuclear technology. 
These detectors are gaining ever increasing importance as powerful 
and inexpensive tools for work connected with fission processes such 
as measurement of fission cross-section, excitation function and 
micromapping of elements etc. Application of fission track 
registration technique for micromapping of uranium was first 
suggested by Price and Walker (1963). Since then this technique has 
been extensively used by many workers for microanalysis of trace 
elements. 
For the micromapping of trace quantities of uranium many 
techniques such as Mass spectrometry. Activation analysis. 
Fluorescence, Delayed neutron counting. Radiometric method. 
Alternating current polarography and Fission track registration 
technique etc. are employed. Among these the fission track 
registration technique using SSNTDs provides high degree of 
reproducibility, low cost, convenience in handling and an effective 
technique for trace element analysis. SSNTDs are well suited for 
the study of fission reactions as they are capable of registering 
low fluxes of fission fragments in the presence of large fluxes of 
lightly ionizing particles such as a, [3, n etc. as these are very 
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sensitive 'Threshold Detectors'. 
Uranium concentration of a material can be determined by 
recording fission tracks on a suitable dielectric detector from the 
235 (n.f) nuclear reaction on U by thermal neutrons. Track 
registration technique is simple, sensitive and has potential 
capability of micromapping even at sub-ppb level of fissionable 
impurities by (n,f) and others by (n,a) and (p,a) reactions etc. 
Although reactor or accelerator facility is required for track 
registration technique, the experimenter is not necessarily required 
to be present near the reactor. The pellets made from the track 
detector and the samples in which uranium is to be determined can be 
sent for neutron irradiation where the reactor facility is 
available. After irradiation further analyses can be done at the 
laboratory. 
The fission track registration technique of uranium 
235 determination is based on the (n.f) reaction on U. Naturally 
occurring uranium consists of three isotopes namely U, U and 
234 
U in the ratio 99.28 : 0.71 : 0.005 respectively by weight. The 
only naturally occurring isotope that can be fissioned with thermal 
235 
neutrons is U. Nuclear fission is a process by which a nucleus 
splits into two or more lighter nuclides either spontaneously or by 
absorbing various particles such as neutrons, a-particles, 
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deuterons, photons and heavy charged particles etc. When a nucleus 
of high atomic number undergoes fission, fission fragments moving in 
opposite directions are produced as required by conservation of 
linear momentum. The fission fragments containing excess number of 
neutrons are unstable. They may become stable by ejecting one or 
more neutrons or by the emission of p-particles after conversion of 
neutron into proton. Fission into more than two intermediate mass 
fragments is extremely rare. The fission fragments are the nuclides 
of centre third of the periodic table and about 300 stable and 
radioactive nuclei have been found along with 180 different 
(3-emitters in the fission of uranium. A major part of the energy 
released during fission is shared by the fission fragments. 
Uranium present in the earth's crust is transferred to water by 
its leaching action and then to plants, food supplements and human 
beings. The radioactivity from uranium can be transferred to the 
plants from soil through water. Higher concentration of uranium has 
been found in phosphate deposits which are the source of phosphate 
fertilizers. Thus, uranium can also be transferred to food 
supplements from run off fertilizers (Spalding and Sackett, 1972) 
and subsequently to human beings. It is observed that some plant 
species absorb much more uranium than others. Tubers, being the 
underground root vegetables are high mineral absorbers (Kaindl and 
Linser, 1961) and can absorb a high degree of uranium from soil and 
253 
water. Industrial activities such as mining and Billing Hay enhance 
the level of uranium in ground and surface water. 
Evaluation of the occurrence and distribution of this 
environmentally important trace element can be useful in assessing 
the mobilization of the trace element to ecosystem. In the present 
work, fission track registration technique using plastic track 
detectors is applied for the trace analysis of uranium in water 
samples and tubers (commonly used as vegetables). 
The south-west coastal region of India has several develoipng 
centres of industrial activities with a number of factories. In 
addition to the existing factories producing fertilizers and rare 
earths, a nuclear power station and a super thermal power station 
are also being setup along the coast of Karnataka state. Some areas 
of the coastal region are known to have deposits of monazite sand 
rich in thorium, especially the Chavara and Neendakara regions of 
Kerala state. 
Water samples collected from various sources in the states of 
Kerala and Karnataka along the south-west coast of India and also 
from Aligarh (U.P.) have been analysed for trace uranium. The 
results may provide a base line data for the assessment of possible 
technological enhancement of uranium levels due to the existing and 
proposed industrial endeavours in the region. 
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5.6 PRINCIPLE 
Microanalyses of uranium through fission track registration 
235 
technique is based on the fact that in natural uranium, only U is 
fissionable by thermal neutrons and the relative abundances of the 
isotopes of uranium can be assumed to be constant. There may be 
insignificant and negligible contribution of thorium towards fission 
tracks lying within the measurement errors as its fission cross 
section for thermal neutrons is 2.6 pbarns only as compared to 580 
235 barns for U (Jojo et al.. 1993a,b). Therefore, the assessment of 
235 
U content in the sample will give the estimation of uranium in 
238 it. The fission reaction can also be initiated in U by fast 
neutrons, but it can not be adopted for the measurement of uranium 
232 
content because Th which may be present in the sample is also 
fissionable with fast neutrons. This may result in experimental 
error in the precise measurement of uranium (Durrani and Bull, 
1987). The availability of fast neutrons is also difficult and hence 
poses a great problem. 
235 
As fission fragments resulting from (n,f) reaction in U can 
produce latent damage trails in the dielectric detector placed in 
contact with the sample which can be visualized by the preferential 
chemical etching. The fission fragments can be detected by track 
detectors placed in contact with the sample. Thus, by comparing the 
track densities in the track detectors placed in contact with the 
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sanple and the standard of known uranium concentration, the uranium 
content in the sample can be found (Jojo et.al., 1993a,b and c). A 
schematic view of neutron irradiation and correlated fission tracks 
is shown in figure 5.4. 
5 . 6 . 1 The 'Dry* method 
( i ) For S o l i d Sair^les 
In this method the detectors are kept in contact with the 
material containing trace uranium in 2n geometry. The total number 
of fission tracks recorded T is related to n, the number of fissile 
235 
atoms (in the present case U), a , the fission cross-section in 
2 2 
cm , (p, the thermal neutron flux in n/cm sec. and t, the time of 
irradiation in sec. (Iyer et.al., 1973). 
T o c n f f 0 t ( 5 . 6 . 1 ) 
or 
T = K^ n a^ <p t ( 5 . 6 . 2 ) 
dry f 
where K. is the proportionality constant which is dimensionless dry 
and almost equal to one (Khan and Durrani, 1972). If the standard 
and the sample are denoted by the sub-scripts s and x and 
simultaneously irradiated in the same assembly, the corresponding 
relations are 
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Figure 5.4 : Fission fragment track registration. 
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T = K n a^ <p t (5.6.3) 
s dry s f 
T = K^ n (T, 0 t (5.6.4) 
X dry X f 
From these equations we can get 
n 
X 
, , 
T 
X 
T 
s 
. n 
s 
(5.6.5) 
Thus, knowing the track densities and the level of uranium in the 
235 
standard material sample, the U content of the sample can be 
obtained. It may be noted that the accuracy of the uranium 
estimation depends to a great extent on the accuracy with which the 
total number of tracks are determined. 
( i i ) For Liquid Samples 
A known volume of liquid sample is placed on a circular disc of 
track detector and evaporated which leaves a thin residue of non 
volatile constituent including uranium. The residue is covered by 
another similar detector disc forming a pellet (Jojo et.al., 1994). 
The pellets are irradiated with a standard glass piece of known 
uranium concentration with thermal neutrons. 
The uranium concentration C in the liquid sample is given by 
Fleischer and Lovett (1968) 
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N M 
^W ~ (5.6.6) 
V G HE a, 4> 1 
A f 
where N = the total number of tracks 
M = the atomic weight of the fissile isotope 
V = the volume of the liquid drop 
G = the geometry factor for detecting tracks in the 
detector 
N, = the Avogadro's number 
A 
cr = the fission cross section for fissile isotope 
E = the etching efficiency of the detector 
I = the isotopic abundance of the fissile isotope 
4> = the thermal neutron flux 
The thermal neutron flux <p can be obtained from the track density in 
the glass detector. 
5.6.2 The 'Wet' method : 
Heterogeneity of track distribution in the track detectors has 
been frequently obserbed in the 'dry' external detector method 
CBansal et al., 1992; Jojo et al., 1993b). The deposited film area 
of evaporated deposits of solution on the track detector is very 
large and therefore, the microscopic counting of all the tracks and 
especially in the heterogeneous region is quite difficult. 
In the 'wet' method, the detector is immersed in the solution 
containing fissile material and then irradiating them with thermal 
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neutrons, homogeneous track distribution in the detector can be 
obtained. Since the distribution of fissionable material in a 
solution is very uniform, the track density is expected to be 
uniform and directly proportional to the fissile material per unit 
volume. The uniformity and linearity has been found to be maintained 
-9 -2 
in the concentration range from 8x10 g/ml to 4x10 g/ml of 
uranium and there is no self absorption within the range (Iyer et 
al., 1973). Therefore, the Wet method using fission track 
registration technique may be a suitable method for the trace 
analyses of fissile materials in a sample. 
2 
The track density, T (number of tracks/cm ) recorded on the 
detector is given by 
T = K ^ n ( i - ( ^ t (5.6.7) 
wet f 
where n is the number of fissile atoms per unit volume of solution 
-3 2 
(cm ), Q is the fission cross-section (cm ), (^  is the neutron flux 
-2 -1 (cm sec ). t is the time of irradiation (sec) and K the 
wet 
constant of proportionality which gives a measure of the track 
registration efficiency in solution and has the dimensions of cm. 
For the natural uranium solution undergoing thermal neutron fission, 
235 
n corresponds to the U atoms per unit volume. If C is the 
concentration of the uranium solution (g/ml) and X is the percentage 
235 
of U C" 0.71X), eq. (5.6.7) can be written as 
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T = K ^ C N X f f , </> t/A (5.6.8) 
wet I 
where N is the Avogadro number and A is the atomic weight of 
uranium. The value of K ^ depends on the track registration 
wet 
characteristics (critical angle, threshold energy for track 
formation etc.) of the detector itself as well as on the range and 
energy loss characteristics of the fission fragments in the aqueous 
medium through which it travels (Iyer et al., 1974). Now, for 
standard and sample, eq. (5.6.8) can be written as 
N 
T = K , C xff, 0t (5.6.9) 
s wet s . f 
N 
T = K ^ C X o, 0 t (5.6.10) 
X wet X . f ^  
where C and C are the concentration (weight/volume) of total 
s X 
uranium. From eq. (5,6,9) and (5.6.10) we get 
T 
X 
C = C (5.6.11) 
X .^  s T 
s 
Thus the uranium content in the unknown sample can be obltained from 
equation (5.6.11). 
5.7 WATER SAMPLE ANALYSIS 
Uranium the heaviest naturally occurring element is present in 
almost all earthen materials in trace levels. It has abundance in 
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granites, metamorphic rocks, lignite, carnotite, nonazite sand, 
phosphate deposits, uraninite and pitchblende (Cothern and 
Lappenbusch, 1983). Underground water comes into contact with 
various minerals under earth's surface and hence uranium is 
transferred to water by its leaching action. More than 99X of 
uranium transported by runoff from earth to fresh water systems 
remains with suspended particulates on the sediment. It can also be 
transferred into drinking water supplies by human activity in mining 
• 
and milling of uranium. Natural uranium and its salts are found in 
different valuence states, out of these the most common being 
hexavalent and tetravalent (Cothern and Lappenbusch, 1983). Unstable 
and tetravalent natural uranium is oxidised to the toxic hexavalent 
form which combines with phosphate groups on cell's surface, 
blocking normal metabolic processes essential for cell's survival 
(Steere, 1970). Thus, water soluble hexavalent compounds of uranium 
may injure kidney preventing normal waste product elimination, 
resulting in renal disfunction. 
Water is the most important medium by which radiotoxic elements 
are transferred to human being. Therefore, analysis of uranium 
concentration in water samples is of great importance. 
5.7.1 Experimental details 
In the present study the trace analysis of uranium in water was 
done by 'Dry' external detector technique. The experimental details 
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are given below. 
13 Sample preparation 
Water saaples from various water sources (Tap, river, well and 
sea) from south-west of Kerala and Karnataka coastal areas and also 
from Aligarh U.P.,(India) were collected in fresh plastic bottles 
which were previously rinsed with double distilled water and then 
with test water. The samples from sea, river and well were collected 
from the surface only. These samples were immediately acidified 
after collection with about 20 ml of concentrated nitric acid per 
litre of water. By the acidification, the loss of uranium by 
absorption in the container remains at a minimum for storing time 
upto 30 days. 
Water of known volume (0.06 ml) from each water sample was 
placed on a clean circular disc (1.3 cm dia.) of a Makrofol-KG 
plastic track detector using a micropipette already rinsed with 
double distilled water and the test water successively. The water 
droplets on the detector discs were allowed to evaporate in an oven 
o 
at "70 C, leaving behind a thin residue of non-volatile constituents 
including uranium. The evaporated residue of the sample appeared 
like an almost circular patch on the detector disc.The residue on 
the detector was covered with another similar circular disc of 
Makrofol-KG to form a pellet (Bansal et al., 1992). The pellets were 
made in such a manner so that each pair of plastic discs was tight 
2:83 
and properly bound with the cello-tape. 
Pallets of the water sanples were kept inside an aluniniUH 
capsule (cylindrical form) along with a standard glass of known 
uranium concentration (Bansal et al., 1990) which was cleaned in the 
saae way as the plastic detectors. A blank pellet without any 
evaporated water drop in it, was also placed in the capsule to find 
the contaaination error, if any, due to the uraniun present in 
distilled water and plastic detector. During the preparation of 
pellets, almost all precautions were taken to avoid dust 
contamination from the atmosphere. 
iiD Irradiation 
The aluminium capsules were irradiated with thermal neutrons 
15 
with a flux of about " 10 nvt in the 'APSARA' reactor at Bhabha 
Atomic Research Centre, Trombay, Bombay (India). The thermal 
235 
neutrons produce nuclear fission in U in the residue in the 
pellets and resulting fission fragments produce latent damage trails 
in the detectors of pellet. 
iiiD Etching and scanning 
Following irradiation, the detector discs were separated, 
washed thoroughly with double distilled water and then etched in 
6.25 N KOH solution at 60+1 C for 20 min. in a high precision 
thermostatic water bath to reveal the latent tracks in the 
detectors. For the fission fragnent tracks, these etching conditions 
are.nost appropriate to give naximum etched track length and thus 
allow the tracks to be visualized under an optical aicroscope. 
Resulting fission tracks were scanned using an optical research 
Microscope (OLYMPUS BINOCULAR) at 400 X magnification. The 
distribution of deposited residue was found to be non uniform 
(Fleischer and Delany, 1976). It appears to have a rim of thicker 
deposition at the edge of the droplet site, where as the centre 
region has uniform deposition. The pattern of tracks formed in the 
detector was almost circular with high track abundance along the rim 
of the droplet site and uniform in the inner region (figure 5.5). 
Therefore, the entire surface of the detector had to be scanned for 
fission fragment tracks. To avoid the effects of non-uniformity in 
the deposited film and to obtain the total number of tracks on the 
detector, regions of crowded tracks along the rim and uniform tracks 
in the inner region were mapped out separately. Tracks were counted 
per unit length (N ) along the rim of the distribution having a 
width (<5) and a constant number of tracks per unit area (N ) in the 
a 
interior region of the circular area having radius R. Since N and 
N were almost constant, the total number of tracks can be 
a 
calculated as (Fleischer and Delany, 1976). 
N = 2lT R N, + n (R - (5)^  N (5.7.1) 
1 a 
2S5 
Region of high track 
abundance along the 
rim (magnified) 
Inner region of low track 
abundance (magnified) 
Figure 5.5 : Pattern of tracks formed in the detector disc. 
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In some cases where the droplet is not exactly circular, i.e. having 
slight ellipticity and flattening of the track pattern, straight 
forward variations in the eq. (i) can be used. 
There may arise some problems due to over crowding of tracks 
and non-uniformity in their spatial distribution, when the track 
density N is very high to count along the rim, a separate 
irradiation with a lower neutron flux is required. The density N is 
resolvable in most of the part but not in whole of the rim, as shown 
in the figure 5.5, indicating that N varies circumferentially. For 
such type of pattern either a full count of the tracks or a series 
of equally spaced measurements along the rim are to be done. Also 
the indication of particulate concentrations of uranium is found by 
cluster of tracks. Such type of track pattern of liquid drop residue 
may be due to the suspended solids contained in liquid. Substracting 
the background tracks obtained from blank pellet detectors from N, 
the actual number of tracks were determined for both the detectors. 
For obtaining the neutron flux the irradiated standard glass 
was freshly cut, etched in 48% HF solution for 5 seconds for the 
revealation of tracks and scanned to obtain fission-track density. 
iv) Calculations 
The thermal neutron dose (0) was obtained with the help of 
standard glass dosimeter using the relation 
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0 = K p (5.7.2) 
where K (=1.028x10 neutrons/track) is a constant depending on the 
•aterial of standard glass (Bansal et al., 1988) and p is the track 
2 density (tracks/cn ) in the standarad glass due to fission fragments 
of the fissile uranium atoms present in the glass. In our 
4 
experiment track density on the standard glass was 4.47x10 
2 15 
tracks/cm and the neutron dose obtained was 4.6x10 (nvt). 
The uranium concentration C in water samples is calculated 
w 
using the equation (Fleischer and Lovett, 1968) 
N M 
C = (5.7.3) 
V G N. E CT 0 t 
A f 
Where N is the total number of tracks; M, the atomic weight of the 
235 fissile isotope ( U); V, the volume of the water drop; G, the 
geometry factor for detecting tracks in the detector (taken as unity 
since the residue's thickness is much less than the range of fission 
23 fragments (Bansal et al., 1992); N., Avagadro's number (6.023x10 A 
molecules/gffl mole); a fission cross-section for the fissile Isotope 
(580 barns), E, the etching efficiency of Makrofol-KG detector 
235 (taken as unity)and I, the isotopic abundance of fissile ( U) 
-3 
isotope in the uranium (7.26x10 ). Substituting the values of all 
known quantities ineq. (5.7.3), it reduces to the form 
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4 
C = 3.3xl0~* N Jig/1 (5.7.4) 
The accuracy in the determination of uranium concentration using the 
above equation mainly depends upon the neutron dose 4> &nd the number 
of tracks N. 
238 235 234 
Further, natural uranium contains U, U and U in the 
ratio 99.28; 0.71 : 0.005 respectively. For this combination of 
uranium isotopes it can be shown that 1 mg of uranium has an 
activity of 24.79 Bq. (Cothern and Lappenbusch, 1983). Using this 
relation, the resulting activity due to uranium in water samples 
has also been calculated. 
5.7.2 Results and discussion 
The concentrations of trace uranium in water samples are cited 
in table 5.4. Errors given with the results are statistical counting 
errors. Corrections due to the presence of uranium in double 
distilled water and the plastic track detector have been applied by 
subtracting the number of tracks in the blank pellet from total 
number of tracks of sample pellets. The analyses were done for the 
water samples mainly collected from south-west coastal region of 
Kerala and Karnataka state. Only few samples from local area of 
Aligarh (U.P.) were also analysed. The water was used for drinking 
as well as for other domestic purposes. Some sea water samples were 
collected from the shores of Qui Ion (Kerala) to Karwar (Karnataka) 
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Table 5.4 
Measured uranium concentration and activity in water samples 
S.N. Source Location Uranium 
Concentrat ion 
tim/1 
Activity 
3 
Bq/m 
1. 
2. 
3. 
4. 
5. 
Tap 
Tap 
Tap 
Tap 
Tap 
Aligarh 
Surender Nagar 
Vishnupuri 
Railway station 
Univ. canteen 
Engg. college 
South-West 
0.74+0.03 
0.79+0.04 
0.7010.03 
1.07+0.05 
1.12+0.05 
18.34±0.74 
19.58+0.99 
17.35+0.74 
26.52+1.24 
27.76+1.24 
6. Tap 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Tap 
Karwar 
Manglore 
Ashok Nagar 
Ashok Nagar 
Univ. canteen 
University 
Bus stand 
Railway station 
Narakal 
Qu i1 on 
Qu i1 on 
0.8010.04 
1.18±0.05 
0.51+0.05 
1.47+0.07 
0.60+0.03 
0.96+0.04 
1.44+0.06 
0.85+0.04 
1.54+0.07 
1.91+0.08 
19.83+0.99 
29.25+1.24 
12.64+0.50 
36.44+1.73 
14.8710.74 
23.8010.99 
35.7011.49 
21.0710.99 
38.1811.73 
47.3511.98 
16 River Alwaye 1.2510.06 30.9911.49 
Contd. 5.4 
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17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
River 
River 
River 
River 
Well 
Well 
Well 
Veil 
Sea 
Sea 
Sea 
Sea 
Sea 
Sea 
Sea 
Sea 
Sea 
Sea 
Sea 
Eloor 
Cherai 
Vypin 
Narakal 
Eloor 
Cherai 
Narakal 
Qu i1on 
Karwar 
Manga lore 
Cherai 
Qu i1 on 
Nayarambalam 
Nayaramba1 am 
Narakal 
Narakal 
Vypin 
Fort-Cochin 
Chellanum 
0.44+0.02 
1.80±0.08 
1.05±0.05 
1.29±0.06 
1.32±0.06 
1.07+0.05 
1.17+0.05 
1.73+0.08 
0.58+0.03 
0.72+0.03 
1 .85+0.08 
1.42+0.06 
1.25±0.06 
1.13_0.O5 
2.14+0.10 
1 .69+0.08 
1.58+0.08 
1.80±0.08 
2.01+0.09 
10.91+0.50 
44.62+1.98 
26.03+1.24 
31.9811.49 
32.72+1.49 
26.5211.24 
29.00+1.24 
42.89+1.98 
14.38+0.74 
17.85+0.74 
45.8611.98 
35.20+1.49 
30.9911.49 
28.01_t.24 
53.0512.48 
41.8911.98 
39.1711.98 
44.6211.98 
49.8312.23 
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towarads north. The river as well as well water samples were 
collected mainly from the state of Kerala. 
Uranium concentration in all the water samples analysed was 
found to vary from 0.44 jig/1 to 2.14 \ig/\ corresponding to the 
3 
activity of 10.91 to 53.05 Bq./m . Source wise uranium was found to 
have higher levels in sea water followed by well, river and tap 
water samples .Maximum and minimum values with the average value of 
uranium concentration and activity in water samples from various 
sources are depicted in table 5.5. From the table it can be observed 
that in general sea water was found to have higher uranium 
concentration as compared to other sources of water. The higher 
values of uranium content in sea water may be due to the presence of 
suspended particles in sea water. No noticeable pattern in area-wise 
distribution of uranium concentration in sea water has been 
observed. As the water samples collected from the rivers were from 
the surface of the stream, the suspended particulates were quite 
less. Higher abundance of uranium in the well water samples may be 
due to the uranium derived by the leaching action of water in 
passing through rocks, sand and soils and also these being in the 
vicinity of sea which may be a potential cause. Many of the wells in 
this region are having salty water indicating the in flow of sea 
water to the wells. Tap water samples analysed were collected mainly 
from public drinking water suply. Being filtered and treated water 
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these samples contain very small amount of suspended particulates in 
them and the measured uranium mainly accounts for the dissolved 
quantity in them. Results also indicate that uranium concentration 
of water in the same city varies from water reservoir to reservoir. 
Thus uranium content of water widely depends on the type as well as 
on the site of the source. 
The studies of Bansal et al. (1992) for uranium in drinking 
water samples collected primarily from northern parts of India 
showed a variation from 0.6710.02 pg/1 to 20.26 ±0.03 |ig/l with an 
average of about 6.0 (ig/I. An earlier study of uranium in water 
samples collected from Assam region of north-east India was found to 
vary from 0.08+0.002 g^/1 to 5.32+0.02 |ig/l (Talukdar et al. , 1983). 
U.S. Environmental Protection Agency showed a variation of uranium 
concentration in some selected drinking water samples in the range 
1.49 (ig/1 to 4.8 g^/1 (USEPA, 1979). Another study in sea, lake and 
spring water samples from Austria, Iran and Israel shows uranium 
concentrations varying from 1.86 (ig/1 in tap water to 19 pg/l in 
salt lake water from Urmia, Iran (Ritter et al., 1982). The average 
uranium concentration in different river water samples collected 
from North America was 0.026 (ig/1 (Rona and Urry , 1952). 
Estimated amount of annual ingestion of urannium for U.S. 
drinking water is estimated to be 54 Bq. which is ten times the 
uranium intakes through food (Cothern and Lappenbusch, 1983). Taking 
271 /. 
3 
average activity ~ 26 Bq./m of uranium in tap water in the present 
study an average person consuming 2 1 of water per day could ingest 
about 19 Bq. of uranium annually. Though the activity resulting from 
the estimated uranium in water is higher as compared to that from 
food and inhailed air, the levels of uranium are well within the 
maximum permissible total human intake of 40 mg/day (Morgan, 1988). 
However, exceptionally high levels of uranium in drinking water have 
been reported in France, USSR and Finland. The reported activity 
-3 
concentrations are as high as 1000 Bq m in France (Remy and 
-3 
Pellerin, 1968),2600 Bq m in USSR (Berdinikova,1964) and 200 KBq 
—3 
m in Helsinki, Finland (Kahlos and Asikainen, 1973). These 
alarming high concentrations of uranium may be due to small and 
localized uranium rich deposits. 
The range of uranium content in water samples as obtained in 
this experiment lies within the general range of uranium content as 
reported by earlier workers. 
5.8. Analysis of tuber san^les 
The plants take uranium and other radiotoxic elements from soil 
and water during their growth by their root system. Higher 
concentration of uranium has been found in phosphate deposits which 
are the source of phosphate fertilizers. Uranium can be transferred 
to water from soils, bedrocks and also from run off fertilizers 
(Spalding and Sackett, 1972) and subsequently to plants. Tubers, 
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being the underground root vegetables are high mineral absorbers 
(Kaindl and Linser, 1961) and can absorb a high degree of uranium 
from soil and water. It was also reported (Virk et al., 1982) that 
the plants readily absorb large amount of sodium, sulphur, selenium 
and calcium but small amount of potassium and can absorb uranium 
readily. The uranium concentrations in plants have been found to be 
of the order of a few ppm (Goswani et al., 1977; Azam and Prasad, 
1989). It is reported that uranium concentration in high phosphorus 
(19X) samples is of the order of 160 pg/g (Spalding, 1972). Thus the 
use of phosphate fertilizers may increase the uranium content in 
soil and hence in plants. 
In the present study trace uranium concentrations in tubers 
grown in our region have been measured using 'Wet' fission track 
registration technique. The reliability and accuracy of the method 
is demonstrated using a large number of standard samples containing 
uranyl nitrate solutions of different known uranium concentrations. 
Due to higher accuracy in counting the tracks due to homogeneous 
track distribution, more accurate results may be obtained than the 
dry method (Iyer et al., 1973). The results of determination by 
duplicate detection using Lexan and Makrofol-KG for identical 
samples are discussed for reliability and sensitivity of the 
detectors. As already described homogeneous track distribution is 
found in wet fission track registration technique which makes the 
276 
countinj$ of the tracks easy as there is no necessacity of counting 
the whole area as required in dry fission track registration 
technique. 
5.8.1 Experimental details 
In the present study the microaapping of uranium in tuber 
samples (commonly used as vegetables) was done by 'Vet' fission 
track registration technique. The experimental details are given 
be1ow : 
13 San^les preparation 
The samples of tubers (used as vegetables) investigated were 
collected from local markets here except tapeoca from Kerala 
(India), washed properly with ordinary water and then with double 
distilled water. The tubers were then dried in an oven at 100 C for 
about 30 hrs. The dried samples were ashed gradually (HASL-300,1972) 
in a silica crucible free from any contamination in a muffle furnace 
o 
raising its temperature at regular intervals to 485 C during 16 hrs. 
Two grams of each ash was dissolved in 1:1 (v/v) HNO . The residues 
were then treated with concentrated HNO and the solutions were 
evaporated to dryness. The procedure was repeated till the residues 
became white. The residues were dissolved in 20 ml diluted HNO (0.3 
M) and the solutions filtered in Whatman paper No. 1 (Whatman 
International Ltd., Maidstone, England) to eliminate the undissolved 
residues. In this process trace uranium present in the samples 
remains in the solution (Mafra and Counto, 1980). 
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Twenty standard uraniua solutions were prepared from uranyl 
nitrate by dissolving it in known volumes of double distiled water 
and their uranium concentrations varied from 5 to 100 pg/l. These 
solutions were filled in separate polypropylene tubes having 
internal diameter 2-3 mm and nearly 60 mm length. Makrofol-KG and 
Lexan polycarbonate track detector strips (2m x 45 mm) were immersed 
separately in tubes containing solutions of same concentration. The 
tubes were then sealed by an impulse sealer. In the same manner, the 
tubes having solutions of tuber residues with Makrofol-KG and Lexan 
track detector strips immersed in them were prepared. In each set 
about 20 tubes were taken, wrapped in aluminium foil and sealed in 
PVC bags. One set contained standard uranium solutions only while 
the others contained samples and some standard uranium solutions. 
ii) Irradiation 
Each set of tubes was irradiated with a thermal neutron dose of 
15 
~10 (nvt) in the 'APSARA' nuclear reactor at Bhabha Atomic 
Research Centre, Trombay, Bombay (India),* Fission fragments 
235 
resulting from (n,f) reaction on U present in the solutions 
produce latent damage in track detectors immersed in the solutions. 
iii) Etching and scanning 
After irradiation, the propylene tubes were cut at one end to 
remove the detector strips which were then washed thoroughly with 
double distil led water and finally with alcohol and dried. After 
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that the detector strips were etched in appropriate etchants 
(Makrofol-KG: 6.25 N KOH at 60 for 20 minutes and Lexan: 6 N NaOH 
at 60 C for 45 minutes). To obtain track densities the track 
detectors were scanned under an optical research microscope at 450 X 
magnification. The middle portion of the strips was scanned twice or 
thrice for this purpose and nearly 200 graticules were counted. 
Tracks are recorded on both the sides of the detector strip and 
either of its side can be scanned. There were almost no background 
tracks as the detectors were more sensitive to fission fragments as 
compared to light charged particles. 
5.6.2 Results and discussion 
Figure 5.£> shows the calibration lines obtained from least 
square fit of the track density Vs uranium concentration of standard 
solution for Lexan and Makrofol-KG respectively. From the 
observations it is clear that the track density is directly 
proportional to the uranium concentration of solution. Also there is 
no self absorption as the linearity is maintained in the 
concentration range 5 jig/1 to 100 pg/1. Table 5.6 shows the uranium 
concentration in ashes of tuber samples derived from the calibration 
curve by comparing the track densities of the detectors immersed in 
the sample and standard solutions irradiated with the same 
integrated flux of thermal neutrons. The concentrations vary from 
0.15 mg/kg to 0.89 mg/kg Here the average ashes correspond to 1% of 
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Figure s.g ' Number of tracks/cm sq. vs uranium 
concentration in uranyl nitrate solutions. 
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raw product (Kumar et al. 1994) and thus the estimated uranium 
concentration in fresh tubers analysed here is found to vary from 
1.5 |ig/kg to 8.9 \ig/kg . The results are comparable with earlier 
studies on carrots from Rio de Janeiro, Brazil (Mafra and Counto, 
1980) and on some tubers made through dry external detector method 
(Bansal and Prasad, 1988). The highest value was found for lotus 
root which is grown in water ponds and is expected to have higher 
concentrat ion. 
As tubers absorb uranium from the soil and water throughout 
their full growth by their root system, trace uranium concentration 
in them will depend on the uranium content in the soil and water 
where the root vegetables are grown and also on the amount of 
fertilizers used there. Uranium concentration in the water in the 
region was found to vary from 0.67 to 20.26 |ig/l (Bansal et al. , 
1992) and in the soil from 0.023 to 0.430 mg/kg (Azam and Prasad, 
1989). Little data exists in the literature for the uranium 
absorption factor but it depends strongly on the kind of soil, 
season, maturity grade and water contents in minerals. The observed 
values of uranium in tubers used as vegetables are much lower than 
the maximum intake limit of 40 mg per day as suggested by Morgan 
(1973) and 150 mg per day established by ICHP-26, 30 for an 
individual ingestion. 
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The 'wet' internal detector method employed in present study is 
very much suitable when the nuclear reactor is at hand and can be 
used for the measurement of very low uranium concentrations. Out of 
the two detectors used in this study, both detectors give 
homogeneous and clear track distribution but Lexan begins to 
deteriorate when the integrated neutron flux exceeds beyond the 
15 
order of 10 nvt. 
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